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PREFACE 

The  book  called  to  the  attention  of  the  readers  is  intended  as 
a  textbook  for  students  of  mechanical  engineering  departments  of 
institutes  of  civil  aviation  of  the  Ministry  of  Civil  Aviation  and 
Departments  of  Civil  Aviation  [GA]  (FA)  Colleges  of  the  Ministry 
of  Higher  Secondary  Education  [MV  i  SSO]  (liB  n  CCO)  of  the  USSR. 

It  is  written  in  accordance  with  the  approved  program  on  the  course 
of  the  theory  of  aircraft  engines  for  colleges  of  Aeroflot. 

In  compiling  the  textbook  there  has  been  generalized  the  20-year 
experience  of  reading  by  the  author  of  lectures  on  the  course  of  the 
theory  of  aircraft  engines  at  the  Riga  Institute  of  Civil  Air  Fleet 
Engineers . 

The  book  consists  of  seven  parts  (26  chapters). 

The  first  part  (consisting  of  three  chapters)  gives  general 
information  about  Jet  engines  used  in  civil  aviation  (design, 
principle  of  operation,  classification  of  the  VRD;  a  brief  description 
of  the  development  of  the  VRD). 

The  second  part  (consisting  of  five  chapters)  gives  the  theorem 
of  thrust  and  examines  thermodynamic  cycles  of  the  VRD  and  also 
processes  in  basic  elements  of  the  DVRD  except  for  processes  in 
the  compressor  and  turbine,  which,  as  is  known,  are  studied  in 
detail  in  a  course  on  turbomachines. 
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The  third  part  (consisting  of  five  chapters)  is  devoted  to 
research  on  the  theory  of  turbojet  engines.  Initially  the  effect  of 
parameters  of  the  working  process  on  specific  parameters  and  efficiency 
(,r  tn^  TRD  is  examined.  Then  an  account  of  thermodynamic  bases  of 
control  is  given,  and  operational  characteristics  of  TRD  (throttle 

*  and  high-altitude  and  high-speed)  are  examined. 

In  the  fourth  part  of  the  book  (consisting  of  three  chapters) 

•  the  theory  of  forced  TRD  and  ramjet  VRD  is  stated. 

The  fifth  part  (consisting  of  three  chapters)  examines  in  detail 
the  theory  two-circuit  TRD,  including  the  effect  of  bypass  parameters 
on  specific  parameters  of  the  ducted-fan  Jet  engine  DTRD  and  also 
operational  characteristics  of  the  DTRD  of  various  types  and  schemes. 

In  the  sixth  part  (consisting  of  three  chapters)  thermodynamic 
peculiarities  and  operational  characteristics  of  turboprop  engines, 
including  TVD  with  heat  regeneration  are  examined. 

Finally,  the  seventh  part  (consisting  of  four  chapters)  examines 
special  characteristics  of  aircraft  GTD  including  starting  and 
transitional  processes,  characteristics  on  noise  level,  and  also 
the  technical-economic  characteristics  of  the  GTD. 

The  general  theory  of  the  VRD  is  presented  according  to  method 
of  useful  operation  of  the  cycle  worked  out  by  Academician  B.  S.  Stech- 
kin  and  his  students. 

In  accordance  with  the  curriculum  the  material  of  the  book  lias 
*  the  operational  directivity,  which  is  expressed  in  the  detailed 

examination  of  operational  characteristics  of  aircraft  GTD,  and  in 
the  explanation  of  physical  regularities  of  processes  accomplished 
^  in  the  engines. 

Special  sections  and  questions  which  deepen  the  program  material 
me  distinguished  with  a  brevier. 
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In  working  on  the  bock  there  has  been  widely  used  the  experience 
of  operation  of  Soviet  gas-turbine  engines  accumulated  in  flight 
subunits  of  civil  aviation  and  also  clinical  information  data  on 
foreign  aircraft  engines  published  in  aviation  periodicals. 

In  the  book  units  of  measurement  in  the  MKGSS  system  are  used, 
since  at  present  courses  of  thermodynamics  and  turbomachines  have 
not  undergone  appropriate  reorganization,  and  the  necessary  reference 
materials  in  the  International  System  of  Units  are  absent. 

The  author  expresses  deep  gratitude  to  the  reviewers  —  Prof. 

A.  N.  Govorov  (Kiev)  and  Candidate  of  Technical  Sciences  V.  M.  Akimov 
(Moscow)  for  the  valuable  remarks  expressed  by  them  upon  examining 
the  manuscript. 
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SYMBOLS 


Pi  t;  Yi  p  - 


V  - 

Mo  - 

H  - 
R  - 
R 

yfl 
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yn  - 

ce  - 

ziofl  — 

^fi¬ 

fe 

FT 

e  — 
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B 

r 

T 

x 


y  - 


x,  y  - 
^H;  *T  - 


N  - 
e 


pressure,  temperature,  specific  weight, 
density  of  gas,  respectively; 

speed 

M  flight  number; 
altitude  of  flight; 
reaction  thrust;  gas  constant; 
specific  thrust; 

specific  fuel  consumption; 
effective  fuel  consumption; 

frontal  thrust; 

specific  weight  of  the  engine; 


degree  of  compression  (expansion) ; 

degree  of  preheating  of  the  gas  during  the 
cycle ; 

mass  flow  rate  of  air; 

mass  flow  rate  of  gas; 

mass  flow  rate  of  fuel; 

degree  of  energy  exchange; 

bypass  ratio  (coefficient  of  the  distribution 
of  air  between  ducts);  coefficient  of 
ejection; 

bypass  parameters; 

power  of  the  compressor  and  of  turbine, 
respectively ; 

effective  power; 
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n  — 
u  - 
a  — 


m  — 

T 


- 

*11  ~ 
n  - 


a  - 
a  ~ 

M  - 
D  ~ 
l,  £  — 

f  - 

a  \  a  — 
p  v 

k  =  a  /  o  — 
P  y 

d  - 

❖  - 

i  - 
3  - 
a*  - 


specific  power] 

number  of  revolutions ;  poly  tropic  exponent; 

peripheral  speed; 

coefficient  of  air  surplus; 

relative  fuel  consumption; 

coefficient  of  completeness  of  combustion; 

adiabatic  work; 

polytropic  work; 

work  of  friction; 

work  of  the  turbine,  compressor,  expansion 
and  compression,  respectively; 

effective  (useful)  work  of  the  cycle; 

thermochemical  energy  of  fuel  referred  to  1  kg 
of  air; 

heat  imparted  to  1  kg  of  air  (supplied  heat); 
removed  heat; 
efficiency ; 

efficiency  of  compressor,  turbine  expansion 
and  compression,  respectively; 

efficiency  of  a  propeller; 

effective  efficiency; 

thrust  efficiency; 

total  efficiency; 

speed  of  gas ; 

speed  of  sound; 

Mach  number; 

diameter; 

length ; 

area  of  cross  section; 

specific  heat  of  gas  at  constant  pressure  and 
at  constant  volume,  respectively; 

specific  heat  ratio; 
hub-tip  ratio; 

coefficient  of  velocity;  coefficient  of 
consumption; 

enthalpy ; 

air  (gas)  bleeding  factor; 

coefficient  of  the  conservation  of  complete 
pressure ; 


FTD-MT-  2*4-12  3-70 


xvi 


f'U);  <?( A);  y(X);  a(X);  y(X)  -  gas-dynamic  functions. 


Superscripts  and  Sub  scripts 


*  -  parameters  of  braked  flow; 

I,  II  -  parameters  of  the  first  and  second  ducts, 
respectively; 

.**.  -  the  same ; 

$  -  boost ; 

k;  t  -  compressor,  turbine; 
np  -  reduced; 

0  -  during  operation  on  the  ground  ( v  *  0); 
p;  c  -  expansion  compression; 
e  -  propeller; 

R  -  thrust ; 
e  -  effective ; 

р. c  -  reactive  (exit)  nozzle; 
k.c  -  combustion  chamber; 

<p .  h  -  afterburner; 
h . a  -  guide  vane  ; 

с. a  -  nozzle  box  assembly; 
ca.3  -  free  energy; 

cm  -  mixing ; 
k . cm  -  mixing  chamber; 
p;  0  -  calculated; 

HA  -  ideal ; 
n ofi  -  frontal ; 

Kp  -  critical ; 
a  -  effective;  ejector; 

A  -  diffuser; 

0  -  available,  initial; 
h  -  external; 
b  -  internal ; 
a,a  -  adiabatic; 
no/i  -  poly  tropic  ; 
yfl  -  specific ; 

£  s  —  engine ; 
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sx  -  inlet; 

b.c  -  outlet  (exhaust)  nozzle; 
t.b  -  turbine  of  propeller; 
t.h  turbine  of  compressor. 

Basic  Flow  Areas 


H, 


0 

1 

2 


area  of  undisturbed  fi 

—  inlet  into  compressor; 

—  outlet  from  compressor 
chamber) ; 


ow ; 


( inlet 


into  combustion 


5; 

CM 


3  outlet  from  combustion  chamber; 

^  ~  outlet  from  turbine; 

%  ~  outlet  from  afterburner; 

5$  ~  outlet  from  Jet  nozzle; 

a  -  outlet  from  mixing  chamber  (of  the  ejector) 
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CHAPTER  1 

PRINCIPLE  OP  OPERATION,  DESIGN  AND 
CLASSIFICATION  OP  JET  ENGINES 

1.1.  Concept  of  Reactive  Force  and  Jet  Engine 

Prom  physics  it  is  known  that  with  the  action  of  one  body  on 
another  with  a  certain  force  the  second  body  acts  on  first  with  an 
equal  and  opposite  guided  force.  The  indicated  interaction  of 
bodies  is  expressed  by  the  law  of  equality  of  action  and  counter¬ 
action  of  Newton. 

If  we  call  the  action  of  the  first  body  on  tne  second  active 
force,  then  the  action  of  the  second  body  on  the  first  will  be 
called  reactive  force.  Judgment  about  just  which  force  is  active 
and  which  is  reactive  is  arbitrary. 

Forces  of  interaction  are  applied  to  different  bodies.  When 
they  are  not  balanced,  each  of  these  forces  can  become  the  cause 
of  motion. 

Let  us  give  several  examples  of  the  action  of  active  and 
reactive  forces  (Fig.  1.1). 

During  a  shot  from  a  gun  gunpowder  gases,  expanding  under  the 
action  of  high  pressure,  eject  with  great  force  a  projectile  from 
the  channel  of  the  barrel;'  the  force  of  return  of  gases  appearing 
here  is  reactive  force.  Actually,  during  movement  of  the  projectile 
in  the  channel  of  the  barrel  there  is  an  interaction  of  two  bodies  — 


TD-MT-24-123-70 


2 


Mg.  1.1.  Examples  of  the  action  active 
and  reactive  forces:  a)  recoil  force  of 
a  gun;  b)  reactive  thrust  of  a  propeller; 
c)  principle  of  action  of  a  powder  rocket. 


the  barrel  of  effluent  gases.  The  end  of  the  barrel  "ejects"  the 
gases  with  a  definite  force  (active  force).  In  turn,  gases  with  the 
.  'tr.e  force  act  on  the  end  of  the  barrel;  the  force  acting  on  the 
end  of  channel  will  be  the  reactive  force  or  of  coil  force  (see 
Fig.  1.1a). 


On  the  basis  of  the  flight  of  an  aircraft  equipped  with  an 
engine  with  a  propeller,  there  is  also  the  reactive  principle. 

The  propeller,  in  revolving,  acts  by  its  working  surfaces  on  the 
air  with  force  P  and  rejects  with  definite  velocity  a  large  mass 
of  air.  In  turn,  the  Jet  of  air  acts  with  equal  and  opposite  force 
R  *  P  on  the  propeller  and  creates  thrust,  which  moves  the  aircraft 
in  a  direction  opposite  to  the  movement  of  the  jet  (see  Fig.  1.1b). 
Thus,  the  thrust  of  the  propeller  is  the  result  of  reactive  action  of 
rejected  air  masses  on  the  propeller. 

Finally,  this  principle  is  assumed  as  the  basis  of  motion  of 
the  standard  powder  rocket.  Powder  gases,  flowing  out  under  the 
action  of  high  pressure  with  an  enormous  velocity  back,  are  repulsed 
from  wa. Is  of  the  nozzle;  the  appearing  reaction  moves  the  rocket 
forward  (see  Fig.  1.1c). 

In  this  case  what  we  will  call  a  reaction  engine  if  in  any 
engine  the  reactive  principle  is  used. 
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A  reaction  engine  is  such  a  thermal  engine  whose  thermal  energy, 
which  was  liberated  during  combustion  ol‘  the  fuel,  directly  turns 
Into  kinetic  energy  of  the  gas  flow,  and  the  appearing  reaction  Is 
used  as  a  moving  force  or  thrust.  Such  an  engine  is  called  engine 
of  direct  reaction,  as  opposed  to  engines  of  indirect  reaction,  which 
refers,  for  example,  to  piston  propeller-driven  unit;  in  this  latter 
case  the  thermal  energy  turns  preliminarily  with  the  help  of  crank¬ 
connecting  rod  mechanism  into  mechanical  energy  of  rotation  of  the 
propeller  shaft  ( engine  itself)  and  then  the  mechanical  energy 
of  rotation  of  the  propeller  turns  into  work  of  thrust  as  a  result 
of  the  rejection  of  air  masses  ( propelling  agent). 

A  reaction  engine  does  not  have  intermediate  links  for  the 
conversion  of  energy  (crank-connecting  rod  mechanism,  reduction 
gear  etc.);  it  also  does  not  have  a  separate  propelling  agent 
creating  a  moving  force  (thrust),  which  are  for  example,  wheels  of 
an  automobile,  caterpillar  tracks  of  a  tractor,  water-  propeller  of 
a  steamer,  propeller  of  an  aircraft,  hydroplane  and  snowmobiles. 

A  reaction  engine  combines  the  function  of  an  engine  and  that 
of  the  propelling  agent,  and  in  this  sense  it  must  be  compared  not 
simply  with  a  piston  engine  but  with  propeller-driven  engine,  which 
is  the  combination  of  an  engine  with  a  propelling  agent, 

1.2.  Classification  of  Reaction  Engines 

The  classification  of  thermal  reaction  engines  (I’’ig.  1.2,  l.j), 
first  of  all,  is  connected  with  the  king  chemical  fuel  used  and 
methods  of  its  obtaining  and  use. 

It  is  known  that  the  heat  energy  expended  for  the  creation  of 
tractive  work  of  a  reactive  engine  is  released  as  a  result  of  the 
thermochemical  reaction  of  combustion  or  oxidation.  Realization  of 
this  reaction  appears  possible,  as  a  rule,  in  the  presence  of  two 
components  of  fuel:  aombustible  and  oxidizer . 
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Fig.  1.2.  Classification  of  reaction  engines 
(according  to  the  type  of  fuel  used  and 
principle  of  operation). 


Fig.  1.3.  Classification  of  reaction  engines  used 
in  civil  aviation  (according  to  the  purpose  and 
duration  of  operation. 

[Translator’s  Note:  nTB  -  this  acronym  was  not 
found  and  possibly  should  be  nTfl  (turboramjet 
engine] . 
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To  ensure  continuous  operation  of  an  engine  in  flight,  on  aircraft 
there  must  be  a  sufficient  fuel  reserve.  The  oxidizer  can  also 
earlier  he  stored  in  the  form  of  various  oxygon-eon'. -.ining  so!  !  !  and 
liquid  substances.  As  an  oxydiser  it  is  convenient  to  use  atmospheric 
air  -  up  to  very  high  altitudes  (30-50  km)  the  atmosphere  contains 
about  20%  (in  weight)  oxygen. 

depending  on  the  method  of  obtaining  and  using  the  oxydiser 
reaction  engines  are  subdivided  into  two  large  classes:  rerAn  t 
(RD)  and  Jet  engines  (VRD) . 

Rocket  engines,  in  turn,  are  subdivided  in  accordance  with  the 
phase  state  of  the  fuel  used  on  solid-propellant  rocket  engines 
(RDTT)  and  liquid-propellant  rocket  engines  (ZhRD). 

Used  as  solid  fuel  (containing  both  the  combustible  and  oxydiser) 
is  smokeless  powder  (charges  of  plasticized  nitrocel luloses  arid 
nitroglicerine )  and  in  recent  years  -  a  mixture  of  a  polymer  combusti¬ 
ble  (rubber  with  powder-like  aluminum)  and  an  active  oxygen-  -ontaining 
substances  (for  example,  ammonium  perchlorate).1  Contemporax-y  solid 
pi-opellant  Is  safe  to  handle  and  also  useful  for  prolonged  storage. 
Rocket  engines  of  solid  propellant  ar^e  distinguished  by  a  simplicity 
of  design,  high  reliability  and,  which  the  most  important,  extreme 
simplicity  of  operation.  The  RDTT  are  engines  of  short-term 
operation,  but  in  two-three  minutes  they  are  able  to  develop  enormous 
pui  ses . 

Liquid  propellant  used  in  a  ZhRD  are  extraordinarily  diverse. 

The  most  widespread  and  effective  of  tnem  (accord!  rig  to  data  given 
in  the  foreign  press)  ai'e  the  following: 

oxydiser  —  nitric  acid,  liquid  oxygen,  tetroxide  of  nitrogen, 
hydrogen  peroxide  and  others ; 


lSee  Siplach,  Effect  of  rapid  pressure  drop  on  the  combustion 
of  solid  propellant,  "Rocket  Technology"  (ARS  Journal  in  Russian 
translation),  1961,  Vol.  31,  ho.  11). 
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combustibles  -  kerosene,  alcohol,  hydrazine,  pentaborane,  liquid 
hydrogen  and  others. 

The  enumerated  propellants  and  oxidizer  form  various  kinds  of 
no-called  bipropellant . 

In  several  ZhRD  a  single-component  fuel,  for  example,  hydrogen 
peroxide  is  used.  The  latter  under  the  action  of  a  catalyst 
decomposes,  forming  a  working  medium  -  a  highly  heated  mixture  of 
water  vipor  ;  nd  oxygen. 

Fuels  used  in  ZhRD  are  characterized  by  relative  cheapness  and 
high  calorific  power.  However,  in  most  cases  they  are  toxic, 
unstable  in  storage  and  are  dangerously  explosive. 

The  ZhRD  are  engines  of  lasting  operation;  they  allow  controlling 
the  thrust  over  wide  limits.  Their  design  is  incomparably  complicated, 
and  their  specific  weight  is  more  than  that  of  the  RDTT.  Operation 
of  the  ZhRD  requires  special  measures  of  precaution. 

In  recent  years  "hybrids”  of  RDTT  and  ZhRD  -  rocket  engines 
of  rtixoi  fuel  ( RDST )  have  appeared  and  rapidly  found  widespread  use. 

The  development  of  these  engines  is  connected  with  the  trend  of 
combining  in  them  the  merits  of  the  RDTT  and  ZhRD  and  get  rid  of 
deficiencies  of  engines  of  these  types.  In  RDST  solid  combustible 
and  liquid  oxidizer  are  used.  Used  as  a  solid  propellant  is  a  polymer 
with  powder-like  aluminium,  and  as  an  oxidizer  —  nitric  acid  or 
hydrogen  peroxide.  If  for  the  RDTT  the  fuel  (in  the  form  of  charges 
or  of  unit-casting)  fills  the  volume  of  the  combustion  chamber  of 
«  the  engine,  for  the  ZhRD  the  fuel  is  stored  in  separate  tanks  of 

the  combustible  and  oxidizer,  then  for  the  RDST  the  solid  propellant 
is  contained  in  the  combustion  chamber  and  the  liquid  oxidizer  in 
,  a  special  tank  (see  work  [24]). 

Since  fuel  for  rocket . engine  is  stored  on-board  the  vehicle 
(cither  directly  in  the  volume  of  the  design  of  the  engine  itself 
or  in  tanks),  then  the  feed  of  ^ he  rocket  engines  with  the  combustible 


7 


■'in  a  ox  i  <J  1 r  J  pernio  uti  the  condition  of  the  :;urr.  arid  i  ng  r:n  i  1  ’  m.  ■  j  r  ■  i 
flight  regime.  Therefore,  rocket  engines  can  to  be  used  for  flights 
it  very  great  heights  and  In  space  and  also  over  a  wide  range  of 
super? on i  <: ,  Hypersonic  and  orbital  flight  speeds  .  \  •  noe  ssary 

to  note  that  the  thrust  generated  by  the  rocket  engines  and  tuclr 
fuel  consumption  practically  do  not  depend  on  the  altitude  auh  speed 
f  f 1 ight . 1 

We  have  already  noted  that  used  as  an  oxidizer  in  reaction  ♦ 

engines  is  the  oxygen  of  the  surrounding  atmosphere,  and  as  tne 
propellant  for  jet  engines  common  kerosene  is  used. 

It  is  known  that  with  an  increase  in  altitude  air  density  Is 
diminished,  arid  on  very  great  altitudes  the  content  of  oxygen  In 
the  air  is  decreased  also.  Thus  the  mas?  flow  of  the  oxidizer  and, 
consequently ,  propellant  *  with  an  increase  in  altitude  of  flight  of 
the  flight  vehicle  is  decreased.  Consequently,  the  thrust  of  the 
jet  engine  with  an  increase  in  flight  altitude  unavoidably  decreases. 

Thus,  the  reaction  engine  Is  a  low-level  engine.  The  effectiveness 
of  Its  operation  Is  limited  by  a  flight  altitude  of  30-50  km. 

Jn  the  other  hand,  the  thrust  of  a  jet  engine  to  a  certain 
extent  depends  on  the  flight  speed.  The  greater  the  flight  speed, 
the  greater  the  inlet  pulse  of  tne  engine,  and  the  more  difficult  it 
is  to  Increase  the  discharge  pulse  of  the  engine.  This  lead;,  to  the 
fact  at  high  speeds  of  flight  the  thrust2 3  generated  by  any  jet 
engine  unavoidably  begins  to  drop  down  to  zero.  Thus  the  jet  engine  is 
an  engine  of  limited  range  of  flight  speeds.  The  maximum  M(j  number  of 
flight  of  a  flying  vehicle  with  a  jet  engine  is  different  for  different 
types  of  engines;  it  depends  on  a  number  of  design  factors  and  for 


‘More  accurately,  with  an  increase  in  altitude  the  thrust  of 
the  rocket  engine  somewhat  increases. 

2lu  ensure  complete  burning  of  the  fuel,  the  percent  ratio  of 
the  propellant  and  oxidizer  in  the  fuel-air  mixture  must  be  maintained 
constant . 

3 The  thrust  of  a  jet  engine  is  determined  by  the  dl fferences  in 
the  discharge  and  inlet  pulses,  i.e.  (Afc,„c),t. 
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jet  engines  of  standard  designs  and  types  does  not  exceed  MQ  =  4-6. 

Hut  jet  engines  in  the  region  of  their  preferential  use  are  much 
more  economical  than  rocket  engines  whose  expenditures  for  operation 
to  a  certain  extent  are  determined  by  the  consumption  of  an  enormous 
quantity  of  a  special  oxidizer. 

Reaction  engines  are  extremely  diverse  in  their  design,  scheme 
and  principle  of  operation.  Depending  on  the  method  of  air  compression, 
they  are  subdivided  into  aompressorless  and  compressor'  Jet  engines. 

In  compressorless  jet  engines  air  compression  is  accomplished 
only  due  to  impact  pressure ,  i.e.,  kinetic  energy  of  incident  air 
flow.  Such  engines  are  ramjet  engines  (PVRD)  and  pulse-jet  engines 
( PuVRD) . 

Ramjet  engines  are  intended  for  high  supersonic  flight  speeds. 

They  are  extraordinarily  simple  in  design  and  have  little  specific 
weight  and  good  economy  in  the  rated  flight  regime;  however,  they 
are  inaffective  at  low  speeds  of  flight  and,  specifically,  cannot 
operate  and  develop  thrust  in  flight.  It  was  attempted  to  correct 
this  organic  flaw  of  the  ramjet  engine  by  transition  to  a  pulsing 
process  of  supplying  air  and  combustion  of  fuel  in  the  engine,  at 
which  an  increase  in  air  pressure  occurs  without  the  use  of  impact 
pressure  and  a  compressor. 

The  principle  of  operation  of  the  pulse  combustion  chamber  was 
first  developed  by  the  Russian  engineer  V.  V.  Karavodin  in  1908. 

The  pulsejet  engine  was  developed  at  the  end  of  the  Second  World 
War  and  was  installed  by  the  Germans  on  "V-l"  missiles.  Further 
development  of  pulsejet  engines  was  not  carried  out. 

In  compressors  of  jet  engines  air  compression  is  carried  out 
by  mechanical  means  with  the  help  of  axial  or  centrifugal  types  of 
compressors.  These  compressors  are  driven  by  gas  turbines.  Such 
engines  are  called  gas-turbine  engines  (GTD),  since  in  them  the 
most  important  design  element,  the  source  of  mechanical  rotational 
energy,  is  the  gas  turbine. 
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There  have  been  attempts  to  drive  compressors  of  the  jet  engine 
by  means  of  a  piston  engine.  However,  such  jet  engines  with  a 
l  ■’  c  1  ,u  n  compressor  (MUD)  proved  u.  be  t  e  !  r,';  ,  taJuy  and 

uneconomical .  An  example  of  an  MHlJ  engine  is  an  engir.--  whi  eh  was 
ins  tailed  en  tlie  aircraft  of  Camp  ini ,  who  aocumpj  is  nod  several 
flights  in  19^0-19^2,  and  further  development  of  t  hi:  t  ;/t  «  of  engine 
did  not  continue. 


Aircraft  gas-turbine  engines,  in  turn,  are  subdivided  into 
turbojet  i’i’Hh)  ,  turboprop  (T  Vis)  and  dueled- j\v :  turi 
( bTHLi)  . 

When  the  power  of  the  gas  turbine  is  equal  to  the  power  of 
the  compressor ,  the  aircraft  gas  turbine  is  called  a  turbojet 
engine.  In  a  THD  all  the  useful  operation  of  the  cvcie  i  expended 
for  increasing  the  kinetic  energy  of  the  working  medium,  fur 
accelerating  the  flow  inside  the  engine,  and  for  the  creation  of 

t.IU'US  l . 


When  the  power  of  gas  turbine  is  used  also  for  rotation  of  the 
propeller,  of  the  blower  or  an  additional  compressor  In  the  second 
dual  of  the  engine,  the  aircraft  gas  turbine  is  correspondingly 
called  a  turboprop,  turbofan  or  ducted-fan  THU.  in  these  engines 
the  reactive  thrust  is  created  in  two  ducts,  i.e.,  they  have  two 
propelling  agents. 

The  ducteu-fan  gas  turbines,  while  being  more  complex  in  a 
design  respect,  are  distinguished  by  high  economy  and  good  operational 
characteristics.  Combination  of  the  turbojet  and  ramjet  engines 
also  forms  a  variety  of  a  ducted-fan  gas  turbine  —  lurlo  e.imje  • 

■  >.j  •'  n*  (uTl>  ) 


Aircraft  gas-turbine  engines  have  become  extraordinarily  wide¬ 
spread  in  air  transport  because  of  their  high  economy,  great 
service  life,  which  provide  them  the  possibility  of  reliably 
operating  for  long  time,  and  the  comparatively  low  specific  gravity. 
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Aircraft  gas  turbines  are  engines  of  wide  range  designed  for  subsonic 
and  supersonic  flight  speeds.  They  form  the  technical  basis  of 
contemporary  transport  aircraft  engine  construction.  The  technical 
and  economic  achievements  of  contemporary  civil  aviation  are 
connected  precisely  with  the  successful  development  aircraft  GTD 
and  with  the  high  level  of  their  technical  perfection. 

The  peculiarities  described  above  of  rocket  and  jet  engines 
and  their  ccrv; arative  merits  and  deficiencies  have  lea  to  attempts 
f  tae  creation  of  mixed  or  combined  rocket- jet  engines,  which, 
on  idea,  must  possess  considerable  advantages  over  the  "original" 
engines  and  could  be  successfully  used  in  a  wide  range  of  altitudes 
and  numbers  of  flight.  Such  engines  are  the  rocket- ran  jet- 
engines  (RPD)  and  rocket- turbine  engines  (RTD) . 

1.3*  Layouts,  Design  and  Principle  of 
Operation  of  jet  Engines 

1.3.1.  Ramjet  Engine  [PVRD) 

The  ramjet  engine  (Fig.  1.4)  is  the  simplest  Jet  engine.  It 
consists  of  an  inlet  supersonic  diffuser  1,  ramjet  combustion 
chamber  2,  equipped  with  a  frontal,  device  3  for  fuel  injection, 
the  formation  of  a  fuel-air  mixture  and  flame  stabilization, 
and  also  a  supersonic  discharge  nozzle  of  the  type  of  Laval  nozzle 
4. 


Fig.  1.4.  Diagram  of  a  ramjet  engine  (PVRD): 
1  -  inlet  supersonic  diffuser;  2  -  ramjet 
combustion  chamber;  3  -  device  for  fuel 
injection  and  of  flames  stabilization;  4  — 
discharge  nozzle. 
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In  the  diffuser  of  the  ramjet  engine  at  supersonic  flight 
::f  eedr  uecelerat ion  of  the  flow  is  oar r in  1  on*  !  ••  .  ■•  ••  :; 

h  J  i'jue  shocks,  as  a  resuil  of  which  th-.rt-  j.-  u.  :  - ,  *  -  j ■  l  v-  in  t. 
in  air  pressure  with  little  losses. 

In  the  combustion  chamber,  as  a  result  of  u.u  combus*  J  ..j.  .  f 
the  fuel-air  mixture,  combustion  products  cf  high  t-.-mpera t  uros  art? 
generated.  Since  in  the  gas  and  air  channel  <P  the  i'VHD  i  1  • 
elements  are  absent,  then  the  temporal  ure  A'  Ur.-  gas  ss  a'  t:.-- 
outlet  from  the  combustion  chamber  can  be  raised  up  to  its  limiting 
vilue  ( 7’*  =  2000-2800:>K)  ,  which  corresponds.  *  t  ■"  !  :n! . -mot.  :*!  -■ 
rn  L  x  t  ire  ratio  (a  =  1.0,. 

In  the  discharge  nozzle  of  the  i'VRD  there  is  --ai  r.  f  t  In  • 

gases  up  t-;  the  external  pressure  (counter?  res s u:\  '  ,  is  a  r-  .  a 
of  which  they  flow  out  into  the  surrounding  medium  at  sign  speed , 
forming  a  discharge  pulse  of  the  engine. 

Ramjet  engines  are  Intended  for  use  as  the  basis  power  plant 
of  flight  vehicle  at  high  supersonic  flight  speed’  »  j.O). 

1.3.2.  Turbojet  Engine  (THE; 

The  ’f.M.  (Fig.  l.Ra)  is  the  simplest  ty:  -  •  of  -J  j ••ra.f  r as 
turbine.  The  basic  design  elements  are:  inlet  lev]  s--  b  multi-stage 
axial  compressor  (one-or  two-shaft)  H  with  a  develop'!  m-  -hani sat i on 
and  control  system,  combustion  chamber  K.fi.  most  ly  r  :  !.-  anne'-tr 
type  with  indiviuual  flame  tubes  and  sprayers  for  effective  fuel 
combustion,  one-or  two-stage  axial  turbine  T  and  a  jot  uosi.lt-  P .  (J . 
When  a  short-term  increase  (boost)  of  thrust  of  the  engine  is. 
necessary,  after  the  turbine  of  the  TR1;F  a  transient  diffuser  Ji,  arid 
afterburners  T.H.  are  installed  (see  Fig.  l.bb). 

The  turbojet  engine  operates  cn  the  thermodynamic  Brayton 
cycle  in  the  following  manner:  in  flight  the  air  from  the  external 
medium  is  sucked  into  the  inlet  device.  The  axial  velocity  in 
front  of  the  compressor  reaches  lt»0-200  m/s,  and  the  rarefaction 
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appearing  here  Is  respectively  equal  to  Ap  =  0. lb-0. 20  at.  in  flight 
at  high  speeds  the  air  undergoes  dynamic  compression  In  the  free 
jet  arid  in  the  supersonic  diffuser.  Tne  sei.enu  st.ej  ,  V  comp re.-,.'  i r  \-. 
is  the  multi-stage  axial  compressor.  Compressor.'  ul'  Yi-:b  have 
compression  ratios  u*  =  6-14  and  consist  of  Y  —  1 V  stages.  Trehoutlng 
of  the  air  in  the  compressor  is  220°-330°.  Tlie  axial  velocity  at 
the  outlet  from  the  compressor  Is  equal  to  JuO-120  m/s. 

As  a  result  of  the  combustion  of  the  fuel-air  mixture  in  the 
combustion  chamber,  the  temperature  of  working  medium  reaches  1100°- 
1400°K;  in  tills  case  the  pressure  of  the  gas  drops  -j-6%. 

The  obtained  combustion  products  are  expanded  it:  the  turbine 
(first  stages  of  expansion)  for  tl  •.  creation  of  power  necessary  to 
drive  Lite  compressor,  and,  finally,  are  expanded  in  the  discharge 
nozzle  (second  step  of  expansions).  The  axial  gas  velocity  at 
the  inlet  into  the  turbine  is  equal  to  180-200  m/s  (M,  =  0.10-0.20) 

and  at  the  exit  from  the  turbine,  300-450  m/s  (M,.  =  0.50-0. 70). 

‘t  u 

The  velocity  of  outflow  of  gases  from  the  jet  nozzle  during 
complete  expansion  reaches  600-750  m/s.  The  temperature  at  the 
outlet  from  the  nozzle  is  equal  to  900-1000°K.  At  high  and  p# 
the  pressure  differential  in  the  discharge  nozzle  on  a  test  stand 
reaches  critical  and  supercritical  values.  If  the  THU  is,  intended 
for  flight  at  speeds  corresponding  to  M  >  1.0,  then  it  must  be 
equipped  adjust  with  a  discharge  nozzle  of  the  Laval  type  of  nozzle. 
As  a  result  of  the  outflow  of  gas  at  high  speed  from  the  discharge 
nozzle,  reaction  thrust  appears. 

Figure  1.5c  shows  curves  of  the  change  in  gas  pui'ameters 
(p*,  T*  and  a)  along  the  gas-air  channel  of  the  THU. 

Turbojet  engines  have  received  widespread  use  in  military  air¬ 
craft  and  partially  in  transport  aircraft.  However,  in  recent 
years  they  have  been  forced  out  of  the  air  transport  by  more 
economic  and  less  "noisy"  turbofan  engines. 


1.3-3.  Ducted-Fan  Engine  (DTRD) 


The  duated-fan  engine  (Fig.  1.6a  and  b)  is  a  turbojet  engine 
wh'vo  thrust  in  created  in  two  ducts:  gas  turbine  (first)  and 
l  in  (second). 

The  term  "fan"  is  conditional:  it  notes  that  the  compressor 
f  the  second  duct  has  considerably  less  ratio  compression  than 
the  compressor  f  main  duct.  The  higher  the  bypass  ratio  of  the 

i  d\  |  \ 

ngiiK*  ( t  J,  the  less  ratio  the  compression  of  the  fan.  At  high 
..pass  ratios  the  DTRD  is  frequently  called  a  turbofan  engine 
(TV1D) .  There  is  a  large  number  of  ducted- fan  TRD  of  various  schemes 
and  types . 

i'he  basic  design  elements  of  the  TV1D  (or  ducted-fan  TRD)  are: 
common  intake  1,  compressor  of  the  first  duct  2,  combustion  chamber 
the  first  duct  3,  multi-stage  turbine  4,  compressor  (fan)  of  the 
second  duct  5,  afterburner  of  the  second  duct  6a  or  common  after¬ 
burner  6b,  discharge  nozzles  of  the  first  and  second  ducts  (during 
separate  gas  outflows)  or  common  discharge  nozzle  7  (in  the  presence 
of  a  mixing  chamber). 

During  afterburners  the  process  of  forming  draught  in  the 
second  duct  in  principle  does  not  differ  from  the  process  of  its 
formation  in  the  first  duct  of  the  DTRD  and  also  in  the  TRD. 

At  present  the  TV1D  (DTRD)  becomes  the  basic  type  of  power 
plant  of  transport  aircraft  of  main  and  local  air  lines. 

The  main  advantages  of  the  DTRD,  which  provided  its  widespread 
introduction  ir.tc  transport  aviation,  are:  high  economy  at  subsonic 
flight  speeds,  the  possibility  of  the  use  of  an  engine  at  high 
"urersoni c  flight  speeds,  low  level  of  noise  produced  and,  finally, 
high  level  of  operational  reliability. 
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1.3* 3-  Ducted-Pan  Engine  (DTRD) 

The  dusted- fan  engine  (Pig.  1.6a  and  b)  is  a  turbojet  engine 
whose  thrust  ir.  created  in  two  ducts:  gas  turbine  (first)  and 
fan  (second). 

The  term  "fan"  is  conditional:  it  notes  that  the  compressor 
of  the  second  duct  has  considerably  less  ratio  compression  than 
the  compressor  jf  main  duct.  The  higher  the  bypass  ratio  of  the 
•  nglne  (,,")•  the  less  ratio  the  compression  of  the  fan.  At  high 
■  ■a pass  ratios  the  DTRD  is  frequently  called  a  turbofan  engine 
(TV1D) .  There  is  a  large  number  of  ducted-fan  TRD  of  various  schemes 
and  types. 

The  basic  design  elements  of  the  TV1D  (or  ducted-fan  TRD)  are: 
common  intake  1,  compressor  of  the  first  duct  2,  combustion  chamber 
the  first  duct  3,  multi-stage  turbine  4,  compressor  (fan)  of  the 
second  duct  5,  afterburner  of  the  second  duct  6a  or  common  after¬ 
burner  6b,  discharge  nozzles  of  the  first  and  second  ducts  (during 
separate  gas  outflows)  or  common  discharge  nozzle  7  (in  the  presence 
of  a  mixing  chamber). 

During  afterburners  the  process  of  forming  draught  in  the 
second  duct  in  principle  does  not  differ  from  the  process  of  its 
formation  in  the  first  duct  of  the  DTRD  and  also  in  the  TRD. 

At  present  the  TV1D  (DTRD)  becomes  the  basic  type  of  power 
plant  of  transport  aircraft  of  main  and  local  air  lines. 

The  main  advantages  of  the  DTRD,  which  provided  its  widespread 
introduction  into  transport  aviation,  are:  high  economy  at  subsonic 
flight  speeds,  the  possibility  of  the  use  of  an  engine  at  high 
supersonic  flight  speeds,  low  level  of  noise  produced  and,  finally, 
high  level  of  operational  reliability. 
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1.3*4.  Turboprop  Engine  (TVD) 


uince  the  thrust  of  a  turboprop  engine  is  added  from  two  compo¬ 
nents,  the  thrust  of  the  propeller  and  of  reaction  thrust  appearing 
in  the  gas-turbine  duct,  then  the  TVD’s  commonly  refers  to  engines 
of  indirect  reaction  and  also  mixed  thrust. 

At  the  same  time,  the  TVD  can  be  conditionally  added  to  the 
class  of  aircraft  duoted~fan  gas  turbine  engines. 

The  basic  design  elements  of  the  TVD  (Pig.  1.7)  are:  shaft  of 
propeller  1,  reduction  gear  2,  intake  3,  compressor  4,  combustion 
chamber  5,  multi-stage  turbine  6,  exhaust  7* 

The  working  processes  in  a  TVD  and  TRD  in  principle  are  not 
different  from  each  other;  only  in  the  TVD  because  of  the  less 
pressure  differential  in  the  discharge  nozzle  there  is  considerably 
less  speed  of  outflow.  The  reactive  component  of  thrust  of  the 
TVD  on  a  test  stand  does  not  exceed  lOJf. 

Aircraft  with  TVD  are  widely  used  in  air  transport  at  subsonic 
flight,  speeds  (V  ■  400-700  km/h).  The  TVD’s  provide  good  takeoff 
and  landing  characteristics  of  aircraft,  but  in  operation  they  are 
considerably  more  complex,  than  the  TRD. 
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CHAPTER  2 


BRIEF  DESCRIPTION  OF  THE  HISTORY  OF  DEVELOPMENT 
OF  REACTION  ENGINES 


2.1.  From  Gunpowder  Rockets  to  First 
Designs  of  Reaction  Engines' 

The  principle  of  reactive  propulsion  has  long  been  known  to 
science,  and  humanity  has  used  it  even  from  ancient  times.  The 
initial  form  of  reaction  flying  vehicles  was  the  gunpowder  rocket, 
which  was  used  for  fireworks  and  also  for  combat  purposes. 

First  references  to  rockets  are  found  in  ancient  Indian  and 
Chinese  characters  several  centuries  ago  up  to  our  era.  In  the  l?th 
and  1 3th  centuries  Chinese  and  Arabs  widely  used  reaction  arrows 
equipped  with  gunpowder  charge  placed  in  a  small  paper  cone,  which 
provided  them  with  great  distance,  accuracy  of  hit  and  a  penetrative 
force . 

In  the  17th  and  18th  centuries  the  majority  of  the  European 
armies  showed  an  interest  in  the  rocket  weapon.  It  is  known  that 
Peter  the  First  established  in  1710  in  Moscow  a  "Rocket  Institution" 
for  the  manufacture  of  rockets  and  training  of  specialists  on  rocket 
methane.  At  the  end  of  the  18th  century  troops  of  Indian  principali¬ 
ties  In  severe  battles  with  English  colonizers  used  combat  rockets 
on  a  mass  scale.  Subsequently,  the  production  of  these  rockets 
was  studied  and  adjusted  by  the  enterprising  Englishman  Congrave. 
During  the  Napoleonic  Wars  the  English  widely  used  the  combat 
rockets  of  Congrave  in  battles  against  the  French.  In  1812,  as  a 
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as  a  result  of  bombardment  by  these  rockets  Copenhagen  was  burned. 


An  enthusiast  of  development  of  combat  rockets  in  Russia  at 
the  beginning  of  the  19th  century  was  denerai  A.  A.isynako.  igniting 
rockets  were  used  by  the  Russian  and  Anglo- l>'roM:h  trumps  during  the 
Crimean  War  of  1893-1856. 

One  of  the  most  prominent  specialists  in  field  of  rocket  building 
in  the  19th  century  was  the  Russian  scientist  and  artilleryman 
General  K.  I.  Constantinov.  His  rockets  were  successfully  used  by 
Russian  troops  against  the  Turks  in  the  Russian-TurKish  War  of 
1877-1878.  General  Constantinov  in  his  work  "Combat  rockets"  was 
the  first  who  made  the  important  conclusion  on  the  uivconemi  '■  ,,'a 

of  rockets  at  low  flight  speeds. 

The  gunpowder  rocket  f  the  19th  century  could  not  yit  lie 
examined  as  a  reaction  engine  because  the  time  of  its  operation  was 
very  brief,  the  force  of  thrust  was  not  regulated,  and  range  of  use 
was  too  limited. 

The  Great  English  Scientist  I.  Newton  is  given  credit  for  the 
invention  of  the  reaction  vehicle  (1680)  being  driven  by  reaction 
of  a  Jet  of  steam  flowing  out  of  a  long  nozzle  (Fig.  2.1).  This 
vehicle  consisted  of  a  burner,  a  boiler  with  a  nozzle  and  valve  of 
regulating  the  velocity  of  outflow  of  steam  arid  was  a  prototype 
of  the  reaction  power  plant  with  forward  motion. 


Fig.  2.1.  Reaction  vehicle  of  Newton 
(17th  century). 
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In  the  19th  century  there  appeared  the  first  projects  of 
aircraft  reaction  engines  for  controlled  flying  vehicles.  Among 
th<'m  an  important  place  is  occupied  by  designs  of  Russian  inventors: 
1.1.  Treteskiy  (18^9),  N.  M.  Sokovnin  (1866),  Teleshov  ( 1 8 6 7 )  > 

N.  I.  Kibal'chick  (1881),  P.  Geshvend  (1886)  and  others. 

In  design  of  military  engineer  I.  I.  Treteskiy  and  sailor 
N .  M.  Sokovnin  there  were  proposals  to  use  for  movement  of  balloons 
and  airships  a  jet  of  outflowing  compressed  air.  The  design  of 
"thermal  blast"  of  teleshov  had  basic  elements  of  the  contemporary 
reaction  engine:  combustion  chamber,  compressor  and  reaction  nozzle. 

The  Russian  revolutionary  and  Narodovolets  N.  I.  Kibal'chich, 
not  long  before  his  execution,  for  the  first  time  substantiated  the 
idea  and  developed  a  scheme  of  an  aeronautical  apparatus  heavier 
than  air  with  a  gunpowder  rocket  engine.  According  to  the  scheme 
of  Kibal'chich  the  reaction  force  must  be  created  by  gases,  flowing 
from  the  engine  as  a  result  continuous  combustion  of  the  charges  of 
pressed  powder.  The  engine  (Fig.  2.2)  was  a  cylinder  vertically 
installed  on  stands  above  the  platform.  By  changing  the  position 
of  the  cylinder  relative  to  the  platform,  N.  I.  Kibal'chich  was 
able  to  move  the  appartus  in  any  direction  including  the  horizontal. 


Fig.  2.2.  Gun¬ 
powder  rocket 
engine  of  N.  I. 
Kibal 'chich 
(1881) 

of  the  author; 
b)  sketch  of  the 
artist . 
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Engineer  E.  Geshvend  proposed  the  original  design  uJ‘  a  reaction 
the  engine  developed  by  him  for  an  aircraft.  Used  in  the  engine 
for  the  first  time  was  the  system  of  a  multi-stage  ejector,  which 
served  for  sucking  additional  air  masses  for  the  purpose  of  in-nvas  1  ng 
the  thrust  and  efficiency  of  the  power  plant.  The  propulsion  system 
of  the  aeronautical  apparatus  of  P.  Geshvend  (Fig.  2.3)  consisted 
of  a  source  of  gas,  pipeline  and  an  ejector  located  under  the  wing. 

A  similar  design  34  years  later  was  accomplished  by  the  Frenchman 
Melot,  to  whom  was  attributed  preeminence  in  the  creation  of  such 
adapters . 


Pig.  2.3-  Aeronautical  apparatus 
of  F.  Geshvend  (lb8o):  1  -  working 

nozzle;  2  —  adapters;  3  -  slots. 


In  the  beginning  of  the  20th  century  there  appeared  technically 
validated  designs  of  basic  types  of  jet  engines.  These  include 
designs  of  Russian  engineers:  Antonovich  (1909),  N..  Gerasimov 
(1909),  A.  Gorokhov  (1911),  M.  N.  Nikol'skiy  (19';  4),  V.  I.  Bazarov 
(1921))  and  the  design  of  the  ramjet  Jet  engine  (191.  )  of  the 
Frenchman  Loren. 

The  first  turbojet  engine  was  invented  in  Russia  by  engineer* 

N.  Gerasimov. 

The  first  scheme  of  a  pulsing  VRD  was  proposed  by  engineer 
Antonovich  and  was  a  pipe  of  variable  section  open  on  one  end 
with  a  distributive  mechanism  for  regulating  the  air  feed.  The 
scheme  of  Antonovich  was  used  in  1942  by  Schmidt  during  the  creation 
of  the  winged  missile  "V-l". 

A  piston-driven  compressor  jet  engine  was  developed  first 
by  engineer  A.  Goroxov.  The  engine  of  A.  Goroxov  (Fig.  2.4) 
consisted  of  two  combustion  chambers,  Jet  nozzles,  and  tanks  with 
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Pig.  2.4.  Piston-driven  compressor  VRD  of 
A.  Gorokhov  (1911):  1  -  combustion  chamber; 

2  -  nozzles;  3  —  compressors;  4  -  engine 
for  driving  of  compressor;  5  -  inlet  channels; 
6  -  valves  for  air  inlet  into  combustion 
chambers . 


pipelines.  The  air  entered  through  the  intake  into  piston  compressors 
of  the  engine,  was  compressed  in  them,  and  then  through  valves  was 
guided  into  combustion  chambers  where  special  pumps  injected  the 
fuel.  Combustion  products  from  the  chamber  entered  into  the  nozzle, 
from  where  they  flowed  out  at  high  speed  into  the  atmosphere, 
creating  reaction  thrust. 


The  original  design  of  the  turboprop  aircraft  engine  was 
developed  by  officer  M.  N.  Nikol’skiy.  In  this  engine  (Fig.  2.5) 
the  propeller  was  driven  by  a  three-stage  gas  turbine  operating  on 
co'T'i'v^Mnn  product  s  of  turpentine  and  nitric  acid.  Gases  flowing 
from  the  turbine  were  guided  into  the  nozzle  and  created  an 
additional  reaction  thrust.  In  1914  at  a  Kussian-Baltic  plant  the 
building  of  M.  N.  Nlkol'skly  turboprop  engines  with  a  power  of 
160  hp  was  started.  It  was  proposed  to  install  four  such  engines 
on  the  aircraft  "Il'ya  Muromets . " 


Pig.  2.5.  Turboprop  engine  of 
M.  N.  Nikol'skiy  (1914):  1  - 

combustion  chamber;  2  -  pipeline; 
3  -  turbine;  4  —  propeller. 
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Further  development  of  the  turboprop  engine  was  found  in  the 
design  of  V.  I.  Bazarov,  who  offered  a  new  scheme  very  similar  to 
the  contemporary.  The  basic  elements  of  the  TV!)  of  V.  I.  Bazarov 
(Fig.  z.u)  are:  centrifugal  compressor,  combustion  chamber,  turbine, 
discharge  nozzle  and  propeller.  In  the  combustion  chamber  of  the 
engine  of  V.  I.  Bazarov  for  the  first  time  was  applied  the  principle 
of  tiie  division  of  air  flow  into  the  "primary"  and  "secondary". 


Fig.  2.6.  Turboprop  engine  of 
V.  I.  Bazarov  (1924):  1  - 

compressor;  2  -  combustion 
chamber;  3  -  turbine. 


2.2.  Development  of  Principles  of  the 
Theory  of  Reaction  Engines 

At  the  end  of  the  19th  century  and  the  beginning  of  the  20th 
century  works  of  famous  Russian  scientiests  N.  Ye.  Zhukovskiy, 

I.  V.  Meshcherskiy ,  K.  Ye.  (Lslolkovsky  developed  basic  positions 
of  the  theory  of  reaction  motion,  which  unconditionally  furthered 
subsequent  scientific  and  engineering- ;echnical  substantiated 
development  of  reaction  engines. 

one  of  the  founders  of  the  theory  of  reaction  motion  is  rightly 
considered  the  famous  Russian  scientist  Nikolay  Yegorovich  Zhukovskiy. 
In  his  words  "On  the  reaction  of  effluent  and  inflowing  liquid" 
and  "On  the  theory  of  vessesls  driven  by  the  force  of  reaction 
effluent  water",  published,  respectively,  in  1882-1886  and  in 
1908,  N.  Ye.  Zhukovskiy  was  the  first  to  derive  the  formula  for 
determining  the  force  of  reaction  and  Investigated  in  detail  the 
tractive  efficiency  of  a  jet  effluent  from  a  moving  vessel. 


The  theoretical  principles  of  the  flight  of  the  rocket  are  given 
by  i-'ref.  I.  V.  Meshcherskiy ,  who  first  determined  the  dependence 
of  the  path  passed  by  the  rocket  and  its  flight  velocity  on  the 
velocity  of  outflow  of  gases,  resistances  of  the  air,  force  of 
attraction  and  reserve  of  fuel.  I.  V.  Meshcherskiy  created  the 
theory  of  mo 'ion  of  bodies  of  variable  mass,  which  include  rockets 
nnJ  Jet  aircraft. 

An  enormous  merit  in  the  theoretical  basis  of  flights  cf 
apparatuses  heavier  than  of  air  with  Jet  engines  and  in  the  develop- 

of  ro^Ket  engines  belongs  to  scientist  and  inventor  Constantin 
Eduardovich  Tsiolkovskiy . 

The  first  classical  work  of  K.  E.  Tsiolkovskiy  "Investigation 
of  outer  space  by  reaction  devices"  which  brought  subsequently  to 
nii:.  world  reputation,  was  published  in  1903.  This  work  investigates 
rocket  flight  in  various  conditions  and  derives  motion  equations 
of  a  rocket  known  as  equations  of  K.  E.  Tsiolkovskiy;  it  gives  a 
scheme  of  the  system  of  a  liquid  reaction  engine  operating  on 
liquid  fuels  and  liquid  oxygen,  and  the  advantage  of  an  engine  of 
this  type  is  substantiated. 

K.  E.  Tsiolkovskiy  proposed  to  accomplish  the  feed  of  liquid 
components  of  fuel  into  the  combustion  chamber  by  special  pumps 
and  produce  cooling  of  the  combustion  chamber  and  nozzle  with  the 
components  of  fuel. 

Finally,  for  control  of  the  rocket  at  high  altitudes,  Constantin 
Eduardovich  proposed  using  controls  operating  in  the  flow  of  gases 
flowing  from  the  Jet  nozzle. 

During  1911-1912  K.  E.  Tsiolkovskiy  expressed  for  the  first 
time  the  idea  about  the  creation  of  a  stage  space  rocket,  which, 
in  ills  opinion,  allows  accomplishing  taking  man  beyond  the  point 
of  the  earth’s  atmosphere. 

In  his  works  on  rocket  dynamics  (1927-1929)  K.  E.  Tsiolkovskiy 
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developed  the  theory  of  stage  rockets,  examined  advantages  and 
peculiarities  of  various  liquid  fuels  and  oxidizers  for  the,  and 
also  investigated  methods  of  tests  of  the  rockets  (193^).  He  proved 
the  possibility  of  rocket  flight  in  airless  space  and  calculated 
the  necessary  initial  velocity  of  its  flight  for  overcoming  the  force 
<vf  the  earth's  attraction. 

K.  II.  Tsiolkovskiy  developed  a  large  number  of  original  schemes 
of  rockets  (Pig.  P.7).  He  also  proposed  the  design  of  a  ducted-fan 
Jet  engine  (Fig.  2.8). 


Kozzle-exhaurt  'an.pri-ssnr  PJstor. 
pipe  evg’iie 


Fig.  2.8.  Ducted-fan  jet  engine  of 
K.  E.  Tsiolkovskiy  (1932). 


2.3.  Development  of  the  First  Reaction  Engines 
and  Their  Subsequent  Development 

The  rapid  development  of  technology  in  the  beginning  of  the 
20th  century  (of  metallurgy,  compressor-gas-turbine  construction), 
successes  achieved  in  development  of  such  sciences  as  aerogasdynamics , 
the  theory  of  aircraft  engines  and  others  created  practical  prerequi¬ 
sites  for  the  development  of  technical  valid  designs  and  successful 
construction  of  reaction  engines. 

In  the  1920's  to  1930's  in  the  USSR  various  types  of  iiquid- 
propeLJunt  rocket  engines  were  created  and  successfully  tested. 

The  first  liquid-propellant  rocket  engine  in  the  USSR  was 
built  in  the  Gas-Dynamics  Laboratory  (GDL)  in  Leningrad  in  1930. 

This  engine  (Fig.  2.9),  called  the  ORM-1  an  experimental  reaction 
mulor  —  developed  a  thrust  of  up  to  20  kgf. 


27 


Pig.  2.9.  Liquid  reaction 
e  ng 1 ne  0 HM - 1  (  19  30). 


Proposed  as  oxiuiaerv  fur  .liquid  rocket  engine  were  nitric 
acid,  tetroxide  nitrogen  (nitric  tetroxide),  hydrogen  peroxide, 
tetranitremethane ,  chloric  aciu  anu  their  solution. 

The  gifted  engineer  F.  A.  'i’sander  in  1932  built  and  in  1933 
tested  the  jet  engine  eh-c  (Fig.  2.10)  with  a  thrust  of  ]00  kgf. 

P.  A.  T  sunder  also  conducted  uee-p  theoretical  investigations 
in  the  region  of  reactive  motion,  developed  new  thermodynamic 
cycles  of  engines  (Fig.  2.11)  and  for  the  first  time  proposed 
a  method  of  thermal  calculation  the  liquid-propellant  rocket  engine. 


o  .sir.  «- 
•n  o»  :  * 


Fig.  •  • I  - .  Liquid  propellant  rocket 
engine  ok-.;  of  F.  A.  Tsander  (1933). 
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Fig.  2.11.  Liquid-propellant  rocket 
engine  of  ?.  A.  Isarder  with  isothermal 

aaapter . 

F.  A.  Tsander  is  also  credited  with  the  idea  of  the  -iv  ir 
the  ro-vet  of  "metallic  fuel",  by  this  there  is  achieved  an  in. •re¬ 
in  calorific  values  of  the  fuel  and,  furthermore,  at;  1  news- 
tv  '’light  distance  of  the  rocket  train  as  a  result  :f  the  a.;c-  ;f 
•  -  a-. reeded  body  of  the  spent  rocket.  For  such  fuel  F.  .  7  s  an Jo 

f  r-p  vea  using  magnesium,  aluminium  and  ether  m  tain . 

during  the  1920 *5-1930 *s  abroad  a  series  of  rocket  engines 
were  built  and  tested  by  R.  Goddard  (U.IA)  ,  9.  Oberth  an  i  Max  '.'  lie 
(Germany)  and  ethers. 

Trv-  first  flight  took  place  in  19 AO  in  the  AWi,  -f  a  vastier, 
glider  of  the  design  of  S.  P.  Korolev  ana  the  liquid  propel  la:  t 
rocket  engine  FDA- .1-150  was  installed  or.  it. 

In  May  of  19^2  in  the  USSR  there  was  successfully  tested  the 
aircraft  developed  under  the  leadership  of  V.  ?.  b-s  Lkhcvit  irov , 
with  a  liquid  propellant  rocket  engine  D-1-A-1.1C,  which  was  pi^ct 
:  Mot  3.  Baxchi  var.dzhi . 


Torsi ierable  development  in  rocket  building  occurred  during 
.e  lec-or.d  World  War.  Fascist  Germany,  in  attempting  toward  off 
r  inevitable  defeat,  developed  the  long-range  rocket  "7-2"  with 
Lquid  propellant  rocket  engine  operating  on  liquid  oxygen  and 
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'd .  4  .  Contemporary  Level  of  Development 
of  Aircraft  Reaction  Engines 


Jot  engines  were  developed  i  n  tn«»  r-'gLnn!  rig  cl*  t!v  .V>_  md  War: 
War  (194i)  and  became  operational  at  the  end  of  the  war  ( J y 4 4-i949 ) 
These  include  the  German  turbojet  engines  with  an  axial  compressor 
(YuMo-0d4  and  BMV-003)  and  aisu  the  Knglish  TRi)  with  a  centrifugal 
compressor  of  the  design  of  Prank  'Whittle  "Nin-I"  and  "Derwont-V. " 
These  engines  were  respectively  i  not  ailed  on  jet  bombers  Me-L'b.’ 
and  fighters  G  J  os  ter  "Meteor",  wh*  c.n  engaged  in  limited  combat 
participation  on  the  western  front, 

Iti  our  country  development  of  the  first  TRD  was  started  prior 
to  the  Second  World  War.  The  wei  J -mown  aircraft  designer  A.  A.. 
nyui'ka  as  early  as  in  19oY  proposed  the  plan  and  design  of  the  fir 
ducted-fan  turbojet  engine  (Pig.  J.l2)  and  in  194?  developed  the 
turbojet  engine  of  original  design  "TK-1." 


Pig.  2.12.  ducted- fan  TRi>  of 
A.  M.  Lyui'Ka  (1937):  1  -  inlet 

channel;  j  —  compressor;  3  - 
combustion  chamber;  4  —  tuj'bine; 
[>  —  1.0:::.  I  e  ;  (>  —  fan. 


The  first  turbojet  engines  were  far  from  being  technically 
p  rl'ect.  ;  the  thrust  of  them  iici  not  exceed  800-900  kgf,  the  specif! 
weight  was  very  great  (y  =  0.40-0. do  kg/kgf  of  the  thrust);  in 
ec  nomy ,  due  to  the  imperfection  of  the  thermodynamic  cycle,  they 
w<  re  considerably  inferior  to  piston  prope I ler-driven  engines,  and 
* ).*  i  r  specific  fuel  consumption  on  the  test  stand  was  much  greater 


than  1.0  (C  =  1.25-1.35  kg/kgf *h) . 

y 

Nevertheless,  the  use  of  the  first  jet  engines  allowed  sharply 
increasing  the  maximum  flight  speeds  of  aircraft  (by  200-300  km/h) 
and  achieving  the  order  speeds  of  850-900  km/h.  It  is  appropriate 
to  recall  that  the  world  record  of  speed  of  a  special  aircraft 
"Thunder"  with  a  piston  engine  in  19^5  was  805  km/h.  The  better 
serial  aircraft  with  a  propeller-piston  group  toward  the  end  of 
the  war  developed  speeds  of  not  more  than  650-700  km/h. 

experience  in  the  construction  and  outflow  of  the  first  turbojet 
engines  was  widely  used  in  the  USSR  and  abroad  with  the  subsequent 
improvement  of  the  jet  engine  and  the  creation  of  new  more  effective 
types  of  aircraft  gas-turbine  engines.  As  an  illustration,  Pig. 
2.13-8.17  show  cross  sections  of  several  gas  turbine  of  the  firm 
Rolls  Royce. 

During  the  last  20-25  years  the  jet  engine  underwent  great 
development.  They  became  the  predominant  engine  type  not  only 
in  war  but  also  in  civil  aviation.  Modern  jet  and  gas-turbine 
engines  are  installed  on  flying  vehicles  of  the  most  diverse  types, 
including  helicopters,  subsonic  and  supersonic  aircraft,  and  also 
"hovercraft"  operating  on  an  air  cushion.  Thus,  the  field  of 
application  of  the  jet  engine  covers  a  broad  range  of  subsonic, 
supersonic,  and  also  hypersonic  flight  speeds. 

The  outflow  of  jet  and  gas-turbine  aircraft  in  civil  aviation 
began  in  1956.  It  is  connected  with  the  advent  of  on  the  air  lines 
of  the  USSR  on  first  passenger  turbojet  aircraft  in  the  world,  the 
Tu-LQ4,  with  two  TRD  AM-3  of  the  design  of  A.  A.  Mikulin,  the 
thrust  of  each  of  which  was  equal  to  8700  kgf. 

During  1958-1960  there  began  the  outflow  of  the  aircraft  11-18 
with  four  turboprop  engines  AI-20,  with  a  power  of  4000  hp  each 
of  the  design  of  A.  G.  Ivchenko. 

Air  lines  of  the  world  since  I960  have  been  successfully  flying 
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->f  wsriu  ail1  transport.  The  air  fleet  countries  foremost  in  a 
'  <•  ';u.  ‘  ca  i  respect  was  completely  renovated  anu  became  gas-turbine . 

.t  ;  "■  sent  approximately  3/ij  of  all  passenger  travel  1.  acowinj  lish'-d 
-i.  air:  raft  equipped  with  gas-turbine  engines,  including  turt-  Jet , 


turn  'far.  an:  turboprop. 


.•  .:.».ng  wiaesprea  i  it.  recer.t  years  has  ueen  if  w:tea-  fan 
.  ro  a‘ei  engine  .3  ,  s  e  e  Fig.  ...It  ana  ii.l'fj.  vn  practically  all 
.•:.v  :m..s  I'i.j'e.M  passenger  :::ain  aircraft  am  air.  rn  '  ne  ::i:t  j  '  :  ■  1  ty 
aircraft  of  local  lines  iuctea-fan  This  nave  seen  installed. 


iiude.i-fan  turbojet  engines  c  ,n queren  universal  acknowledgement 


because  of  their  high  economy ,  low  level  of  producible  noise  (due 
to  the  low  velocities  of  outflow  of  gas),  the  possibility  of 
considerable  thrust  augmentation  on  takeoff  and  in  flight,  the 
possibility  of  their  use  over  a  wide  range  of  subsonic  and  supersoni a 
flight  speeds  on  various  aircraft,  and  the  possibility  of  the 
concentration  of  very  high  thrust  in  one  unit. 

Great  successes  have  been  achieved  in  the  increase  in  the 
service  life  -  period  of  service  of  the  engines.  If  the  service 
life  of  the  first  TRD  was  50-100  hours,  then  now  the  better  gas- 
turbine  engines  of  civil  aviation  have  a  service  life  of  the  order 
of  4000  acurs  and  more  (service  life  of  the  DTRD  Rolls  Royce  Conway 
RCo .  11'  is  equal  to  7800  hours,  TVD  Rolls  Royce  "Dart"  6000  hours, 
and  the  DTRD  Pratt  and  Whitney  JT  (in-.;  has  a  resource  of  11,000 
hours ) . 

Increased  technical  perfection  of  aircraft  gas-turbine  engines 
has  made  it  possible  to  improve  considerably  the  basic  technical 
and  economic  criteria  of  passenger  aircraft  -  their  speed,  altitude 
and  range  of  flight;  to  bring  down  the  cost  of  transportation  of 
each  ton-kilometer  (or  passenger-kilometer)  of  load. 

Tin.'  1950's  and  196  s  ...re  noted  for  the  rapid  development  of 
jet  and  rocket  ^echnolog 

The  largest  aircraft  engine  building  firms  of  the  capitalist 
world  Rolls  Royce,  Bristol  Siddley  (England),  General  Electric, 

Pratt  and  Whitney  (USA),  Turbomeca  (France),  have  achieved  great 
successes  in  the  creation  of  new  effective  types  aircraft  GTD, 
increases  in  their  economy,  lowering  of  specific  weight,  increase 
In  the  service  life,  and  improvement  In  operational  characteristics. 

The  doviet  school  of  aircraft  engine  construction,  which  is 
headed  by  well-known  designers  A.  A.  Mikulin,  V.  Ya.  Klimov, 

A.  A.  Bhvetsov,  A.  G.  Ivchenko,  A.  M.  Lyul'ka,  N.  D.  Kuznelsovy, 
i3.  K.  Tumanskiy  ana  others,  for  the  1st  20-26  years  achieved  great 

successes . 
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New  types  of  aircraft  gas-turbine  engines  developed  in  our 
country,  with  respect  'c  their  basic  technical  and  economic  criteria 
do  not  yield  to  the  best  ...  .dels  of  won  u  .1 ivjv  f  ..  1,,;  J  :.»•  u  .  i  ■  j . . 

At  present  civil  aviation  of  the  USSR  is  experiencing  ■< 
responsible  stage  of  renovation  and  modernisation  of  aircraft 
technology . 

On  air  lines  of  the  USSR  there  began  operation  of  long-range 
main  aircraft  11-62  with  four  i/TRD  and  short-range  main  aircraft 
Yu- 13*1  with  two  ducted-fan  jet  engines. 

during  the  next  two-three  years  Aeroflot  is  being  replenished 
by  new  medium  main-line  aircraft  Tu-154  with  thre-  D'i'Hb  and  also 
•.'ith  aircraft  of  local  air  lines  Yak-40  with  three  *  . 


At 

tctng  co 
aircraft 
the  1970 

.  =  2 . 

j«p 

and  also 


present  in  the  USSR,  England,  France  and  the  USA  there  is 
n lasted  an  intensive  development  of  supersonic  passenger 
,  the  outflow  of  which  should  start  in  the  beginning  of 
'  s.  These  aircraft  are  designed  for  cruising  M  of  flight 
P-2 . 36  (Tu-l44,  "Concorde"  ind  M.  =  P.7  (Boeing  2707), 

U  H 

altitudes  flight  of  the  order  of  18-20  km. 


Soviet  scientists,  designers  and  engineers  persistently  work 
uver  the  creation  of  new,  even  more  technically  perfect  flying 
vehicles  and  engines  necessary  to  the  national  economy  0:'  tne 
country . 


2.4.1.  Development  of  Basic  Pi rameters  of  Aircraft  Gas- 
Turbine  Engines  (According  to  Foreign  Data) 


2. 4. 1.1.  Thrust 


During  the  last  20  years  the  thrust,  generated  by  some  engine 
has  extraordinarily  Increased.  Foreign  experimental  and  designed 
DTRD  for  heavy  transport  aircraft  and  air  buses  are  calculated 
for  thrust  of  up  to  18-22  tons  in  one  unit. 
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The  minimum  magnitude  of  ’’equivalent”  thrust  of  the  gac-turbl rn1 
engine  designed  for  auxiliary  purposes  (units  of  starting, 
pressurization,  supplies  of  compressed  air)  is  equal  to  100-200  kgf. 

2.4.1.?.  Rate  of  Airflow 

During  the  last  20  years  the  rate  of  airflow  of  engines  ho;; 
Increased  many  times.  In  contemporary  large-scale  DTRD  with  a  high 
bypass  ratio  (y  ■  6-8)  the  rate  of  airflow  G  reaches  400-800  kg/s 
and  more. 


2. 4. 1.3.  Specific  Thrust  of  the  TRD 

The  specific  thrust  of  TRD  without  afterburners  in  accordance 
with  a  certain  temperature  rise  of  the  gas  in  front  of  the  turbine 
during  the  last  20  years  has  Increased  and  is  the  magntiude  or 
65-75  kgf/(kg/s)  on  takeoff.  The  specific  thrust  of  boosted  TKD 
(with  afterburning  of  the  fuel  behind  the  turbine)  reaches  100-110 
kgf/ (kg/s ) . 


2. 4. 1.4.  Specific  Fuel  Consumption  of  the  TRD  and  DTRD 

The  specific  fuel  consumption  of  a  one-duct  TRD  equipped  with 
a  high-pressure  axial-flow  compressor  (ir*  »  13-15)  on  takeoff  consist;- 

H 

of  the  magnitude  C  -  0.72-0.78  kg/kgf'h.  With  a  bypass  ratio  of 

jr  tM 

y  *  1-2  the  level  of  specific  consumption  of  fuel  Is  reached  by  the 
DTRD  of  the  order  of  0. 5-0.6  kg/kgf'h.  When  y  *  6-8  the  specific 
consumption  of  the  DTRD  on  takeoff  is  C  ■  0.30-0.35  kg/kgf'h. 

J  n 

In  the  cruising  flight  regime  ( H  *  11  km  and  Mp  =  0.8) 
prospective  high-temperature  DTRD  (f*  3  1300-l400°K)  at  high 
compression  ratios  of  the  compressor  of  the  gas  generator  (ir#  =  20-25) 

H 

and  high  values  of  the  bypass  ratio  (y  ■  6-8)  are  calculated  for 
obtaining  a  specific  fuel  consumption  of  not  higher  than 
C  -  0.58-0.64  kg/kgf'h. 
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2.A.i.b.  Specific  Weight 

waring  the  last  .'0  ;/  o  a  rr,  the  specific  wlrlh  >!'  i !  n- ri  !'•  ,  a.  - 
turbine  engines  has  beer,  continually  lowered,  'hi;;  n  r  ,  i  !.  •  >.j 
n  one  hand,  by  the  increase  in  the  specific  thrust  of  the  1  Kb  (ih'Hb) 
irid  on  Lite  other  hand,  by  an  increase  in  the  total  level  of  perfection 
of  the  design,  improvement  in  technology  of  finishing  and  production 
of  aircraft  engines,  the  introduction  of  new  more  effective  materials 
(such,  as  nimonic,  titanium,  and  composite  materials:  ilyl'iJ  and 
others),  and  the  correct  selection  of  basic  regimes  of  the  engine, 
which  increases  its  service  life  and  reliability. 

At  present  the  specific  weight  of  a  better  subsonic  DT <D  at 

average  values  of  thrust  reach  y^l(  ■  0.20-0.22  kg /Kg f .  The  transition 

to  D'l'HD  with  high  values  of  the  bypass  ratio  allow  decreasing  (die 

magnitude  y  down  to  0.16-0.1'/  kg/kgf.  Supersonic  TRUK  are 
*A  ® 

characterized  by  a  specific  weight  of  not  more  than  y^B  =  O.lC-O.lW 
kg/kgf.  The  TRD  of  optimum  dimension  ( H  m  1 200-1  /(!()  kgf )  ,  such  as 
the  General  Electric  J85,  attained  a  specific  weight  of  the  order 
of  y  *  0.12-0.1(1  kg/kgf. 

M  B 

The  lowest  specific  gravity  is  obtained  in  special  "lift" 

TRD  designed  for  vertical  speed  and  landing.  In  these  engines 
(for  example,  in  the  engine  Rolls  Royce  RB.lod)  an  extraordinarily 
low  specific  weight  —  about  0.06  kg/kgf  has  already  been  reached. 

In  the  very  near  future  leading  aircraft  engine  building  firms  of 
England  (Rolls  Boyce)  and  the  USA  (Al.'.ison)  propose  additionally 
decreasing  the  specific  weight  of  "lift"  turbojet  engines  proved 
to  be  possible  as  a  result  of  the  following: 

1)  extreme  simplification  of  design  (lowering  of  the  number 
of  parts  from  10,000-12,000  to  2000-3000;  transition  to  double¬ 
bearing  design  of  the  engine;  decrease  in  the  length  of  the 
combustion  chamber  and  others); 

2)  rejecting  systems  of  oil  feed,  cooling  of  parts  drive  of 
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units;  simplification  of  systems  of  fuel  feed  and  starting; 

i)  extensive  introduction  of  fiberglass  into  the  construction 
of  the  compressor; 

b)  rational  use  of  the  volume  of  the  construction,  specifically, 
combustion  chambers;  considerable  increase  in  the  thrust  falling 
on  1  m^  of  volume. 

2.b...  Basic  Design  Peculiarities  of  Contemporary  TFL 

The  contemporary  turbojet  engine  installed  on  passenger 
aircraft.  Jr  the  synthesis  of  highest  achievements  in  field  of  th<= 
designer's  art  applied  thermalaerogasdynamics ,  technology,  metallurgy, 
automation,  and  the  theory  of  strength  and  reliability.  Its  subsequent 
Improvement  is  possible  only  on  the  basis  of  a  thorough  calculation 
of  the  enormous  experience  of  operation  accumulated  in  military  and 
civil  aviation  and  the  critical  evaluation  of  the  colossal  flow 
of  technical  information  entering  from  numerous  scientific-research 
establishments  working  on  separate  and  complex  problems  of  aircraft 
engine  construction. 

Let  us  mention  the  basic  design  peculiarities  of  contemporary 
turbojet  engines  and  their  most  important  subassemblies. 

2. 4. 2.1.  Intake  of  the  TRD 

The  intake  of  the  TRD,  Installed  on  a  supersonic  passenger 
aircraft,  is  made  in  the  form  of  a  supersonic  adjustable  diffuser 
with  multishock  deceleration  of  flow.  In  the  rated  cruising  regime 
of  flight,  the  coefficient  of  drop  in  total  pressure  of  such  an 
air  intake  is  very  high,  for  example,  for  MQ  ■  2.2  it  is  a*K  *  0.90- 
0.92. 

2. 4. 2. 2.  Compressor 

The  high-pressure  axial-flow  compressor  (Figures  2.18  and  2.19) 
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Is  most  complex  unit  of  the  TRD,  which  determines  to  a  certain  extent 
the  dimensions,  weight,  economy  and  reliability  of  operation  of  the 

engine . 

At  high  values  of  the  compression  ratio  (n#  ■  15-25)  the  comprononr 

K 

Ip  male  either  with  first  supersonic  stages  or  completely  subsonic. 

In  the  latter  case  it  consists  of  a  large  number  of  stages,  reaching 
12-17.  Most  frequently  the  high-pressure  compressor  is  made 
double-shaft,  and  furthermore,  it  is  equipped  with  a  system  of 
mechanization,  which  provides  its  reliable  and  steady  operation  In 
ti"  whole  range  of  operational  regimes. 

The  mechanization  of  the  compressor  includes  systems  of  de-icing, 
overflow  of  air  from  separate  stages,  and  also  the  control  cf  corner 
vanes  of  the  stator. 

The  efficiency  of  subsonic  high-pressure  compressors,  have 
attained  valves  n*  ■  0.86-0.88. 


2.4. 2. 3.  Combustion  Chamber 

A  tendency  of  the  continuous  increase  in  the  turbine  inlet 
gas  temperature  (T^)  complicates  the  problem  of  the  creation  of 
a  reliable  operating  chamber.  Nevertheless,  engines  having  the 
greatest  service  life  (Rolls  Royce  "Dart"  "Conway",  "Avon"  and 
"Tyne")  are  equipped  with  high-temperature  chambers  mgx  »  1270- 
1350°K).  The  combustion  chambers  of  the  better  subsonic  TRD  have 
a  coefficient  of  completeness  of  combustion,  practically  equal  to 
1.0  UH  C  -  0.98-0.99). 

In  order  to  achieve  a  substantial  decrease  in  the  length  of 
combustion  chamber  (and  consequently,  weight  of  the  engine) 
without  worsening  its  effectivenesses,  in  lift  TRD  zones  of  the 
division  of  air  flows,  and  also  processes  of  carburetion,  combustion 
and  mixing  of  products  of  combustion  with  air  are  combined. 
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2 . 4.2.4. 


Turbine 


The  THU  ( DTKD ,  TVU)  with  I,  i  .  ,  .  .mpi-  •  ,-/•  •  i  I  t.  :  - 

..Luge  Lui’blnes  (Fig.  2.20  and  2.21)  with  the  number  of  stages  from 
two  to  l‘ive  and  more.  They,  Just  as  the  compressor’s,  are  made  one-arid 
tow-shal't . 


Fig.  2.20.  Nozzle  box 
of  the  turbine. 


Fig.  2.21.  Kotor  of  the 
turbine  (two-stage). 


The  rotor  blades  of  contemporary  gas  turbines,  for  providing 
the  necessary  operational  reliability  and  also  for  obtaining  high 
efficiency,  have  a  shroud. 

Gas  turbines  of  TRD  are  made  reactive  ((?'-  >-c|.  **  0,25-rO, 33);  their 
efficiency  is  very  high  and  reaches  the  value  »)*  =0,92-:-0,‘J3. 

For  the  purpose  of  providing  the  necessary  reliability  of 
operation  of  the  engine  at  high  temperatures  of  the  gas  (TRD  and 
DTKU  designed  for  supersonic  passenger  aircraft,  DTKD  with  high 


valuta  of  the  bypass  ratio,  and  TVD)  air  cooling  of  nozzle  and  rotor 
blades  of  the  first  or  first  two  stages  of  the  turbine  is  used.. 

It  Is  widely  acknowledged  that  the  most  promising  methods  of 
vent.1  lation  are  methods  of  porous  and  film  cooling.  It  is  expected 
that,  these  methods  make  it  possible  in  the  near  future  to  provide 
reliable  cooling  of  the  blades  at  gas  temperatures  ■  1600-1800°K 
with  a  value  of  selectism  of  5-8J  of  the  air  compressed  in  the 
compressor. 

Figure  2.22  shows  a  diagram  of  film  air  cooling  of  a  rotor 
blade  developed  by  the  firm  Rolls  Royce.  The  principle  of  operation 
of  such  a  system  of  cooling  consists  in  the  following.  Compressed 
air  enters  into  end  of  the  hollow  cast  blade  and  along  three  radial 
channels  spreads  to  the  periphery  of  the  blade,  cooling  by  means 
convective  heat  exchange  its  interval  cavity.  Over  the  entire 
height  of  the  blade  and  along  its  periphery  there  is  drilled  a 
system  of  microholes  through  which  from  within  compressed  air  is 
extruded.  Then  the  cooling  flow  flows  past  the  profile  of  the 
blade,  forming  a  protective  film  around  it. 

Fig.  2.22.  Diagram  of  film 
cooling  of  turbine  blades. 


2. 4. 2. 5.  Exit  Section  of  the  TRD 

The  discharge  device  of  the  supersonic  TRD  has  a  complex  design. 
It  is  a  nozzle  of  the  Laval  type  of  nozzle,  with  mechanical  or 
aerodynamic  control  of  the  critical  and  exit  sections. 

In  the  case  a  one-duct  TIID  or  ducted-fan  TRD  with  a  low  bypass 
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ratio  {y  <  1.0),  the  nozzle  is  equipped  with  a  noise  suppressor* 
(Fig.  2.23). 


Fig.  j.  IJjii'.e  upp  re;,  1  r 

of  the  TRD. 


A  necessary  element  of  the  exit  system  of  the  THD  (DTKD)  of 
contemporary  passenger  aircraft  is  a  reverse  or  thrust  defle-itor. 

2. 4.2. 6.  Control  of  the  Engine  in  Flight 

The  control  system  of  contemporary  TRD  intended  for  J  ns t, filiation 
on  high-speed  transport  aircraft  is  designed  to  ensure  minimum 
fuel  consumption  in  throttle  regimes  (regimes  of  partial  load)  and 
reliable  and  steady  operation  of  the  engine.  Optimization  of 
the  regimes  is  provided  with  the  help  of  computing  devices,  which 
control  the  elements  of  control  of  numbers  of  revolutions  and 

critical  section  of  the  exit  nozzle  and  acting  on  parameters  of 

«  * 

gas  JT-j ,  71,  and  so  on. 

J  HI 


2. 4. 2. 7.  Thrust  Augmentation 

Turbojet  engines  of  supersonic  passenger  aircraft,  as  a  rule, 
are  equipped  with  a  system  of  thrust  augmentation,  which  is  used 

mainly  during  the  transition  through  the  speed  of  sound  at  great 

« 

altitudes.  Afterburners  of  the  TRD  provide  at  T ^  =  2000°K  on  a 
test  stand  an  increase  in  thrust  of  35-40%  and  in  the  case  of  a 
DTHD  -  an  additional  thrust  of  70-80%. 

For  compensation  of  the  loss  in  thrust  at  high  temperatures 
of  the  surrounding  medium  (t  >>  +  15°C)  water  injection  at  entrace 

H 
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Into  t!  e  axial-flow  compressor  is  used.  Such  short-term  augmentation 
thrust  is  especially  rational  in  turboprop  engines. 

2.4.2. 8.  Heat  Recovery 

An  effective  means  of  increasing  the  economy  of  high-temperature 
t'Vb  equipped  with  compressors  with  moderate  compression  ratios  is 
the  heat  recovery  of  exhaust  gases.  At  considerable  long  flight 
distance  it  can  reduce  the  operational  consumption  15-20?. 

2.4.3.  Development  of  Theory  of  Jet  Engines 

The  founder  of  the  contemporary  theory  of  Jet  engines  is 
Academician  B.  S.  Stechkin.  Published  by  him  in  1929  in  the 
periodical  "Technology  of  air  fleet"  the  work  "Theory  of  the  Jet 
engine"  was  the  basis  for  further  development  of  the  theory  of 
engines  of  this  class.  In  1944-194?  B.  S.  Stechkin  and  his  students 
developed  the  theory  of  processes  and  of  characteristics  of  basic 
types  of  Jet  engines. 

During  1956-1958  the  publishing  house  Oborongiz  published  a 
two- volume  publication  "Theory  of  reaction  engines"  (authors  - 
B.  S.  Stechkin,  P.  K.  Kazandzhan,  L.  P.  Alekseyev,  A.  N.  Govorov, 

N.  Ye.  Konovalov,  Yu.  N.  Nechayev,  and  R.  M.  Fedorov),  which  obtained 
widespread  reputation  in  the  USSR  and  abroad  as  a  student  textbook 
for  higher  educational  schools  and  a  manual  for  aircraft  engineers. 

A  great  contribution  to  the  development  of  the  theory  of 
aircraft  gas-turbine  engines  has  been  made  by  Deserved  Scientist 
and  Technician  of  the  RSFSR  Professor,  Doctor  of  Technical  Sciences 
I.  I.  Kulagin,  who  in  1949  published  the  book  "Theory  of  gas-turbine 
reaction  engines".  This  book  was  the  first  systematized  manual 
in  this  field.  I.  I.  Kulagin  is  responsible  for  the  fundamental 
developments  on  the  theory  of  ducted-fan  VRD  and  on  the  theory  of 
control  and  characteristics  of  aircraft  gas  turbines. 
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/in  imparl  Mill  cuntribut  Ion  to  the  development  ol'  one  theory  of 
gas-turbine  engines  was  made  to  the  Deserved  Scientist  and  Technician, 
Professor ,  Doctor  of  Technical  Jc  1  eri 7.  V.  iJv/n.v.  . i 
•luthor  of  many  brillant  engineering  ideas,  plans  ai.n  uccnrrq  j  i  i 
designs  (for  example),  a  compressor  with  air  turbine),  and  also 
theoretical  developments  (stationary  cycle  o  «=  const  of  the  gas 
turbine),  he's  monograph  "gas  turbine",  published  in  1‘dj‘o  by 
the  publishing  house  United  Scientific  and  Technical  Presses 
for  many  years  was  the  reference  book  for  engineers  specialising 
in  the  field  of  gas-turbine  construction . 


Investigations  on  the  theory  of  processes  and  character! st loo 
of  Jet  engines  and  liquid  propellant  rocket  engines,  carried  out 
by  Deserved  Scientist  and  Technician  Professor,  Doctor  of  Technical 
Sciences  T.  M.  Mel'kumov,  ai’e  well-known. 


Fundamental  investigations  on  the  theory  of  jet-engines  and 
aircraft  gas-turbines  belong  to  professors.  Doctors  of  Technical 
jp'oees  N.  V.  Inozemtsev  (processes  in  VRD)  K.  V.  Kholshchevnikov 
(theory  of  two-shaft  TRD,  development  of  the  theory  of  axial-flow 
compressors  and  gas  turbines),  P.  K.  Kasandzhan  (characteristics 
of  gas  turbines,  development  of  the  theory  of  turboprop  engines), 

0.  N.  Abramovich  (gas  dynamics  of  VRD,  theory  of  turbulent  jets)  and 
others . 


Of  foreign  investigations  of  reaction  motion  and  jet  engines 
works  of  Moriss  Roux*,  Theodor  von  Karman ,  J.  Griffiths*,  G.  Konsiunt*, 

G.  Pearson  and  others  received  wide  recognition.  Basic  results  of 
these  investigations  are  presented  in  a  12-volume  series  of  books 
under  general  title  "Aerodynamic  of  high  velocities  arid  reaction 
technology",  published  by  the  publishing  house  of  Princeton 
University  (USA)  edited  by  T.  von  Karman  H.  L.  Dryden,  M.  Summerfield, 

H.  S.  Tay*,  K.  P.  Donaldson*,  J.  V.  Cherlk*  and  R.  S.  Snedecker*. 


[Translator’s  Note:  the  Initials  and  spelling  of  these  author's 
last  names  are  not  verified]. 
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CHAPTER 


3 


THRUST  OF  THE  JET  ENGINE.  BASIC  PARAMETERS 
OF  THE  JET  ENGINES 

3.1.  Theorem  of  Thrust  of  Jet  Engine 

Thruet  is  called  the  moving  force  generated  by  an  engine.  Thrust 
is  the  main  parameter  of  the  jet  engine  and  useful  effect  of  its 
operation.  Therefore,  an  accurate  determination  of  it  is  very 
important. 

In  its  physical  sense  thrust  Is  the  resultant  of  axial  forces 
applied  to  all  elements  of  the  engine.  However,  the  "term-by-term" 
finding  of  its  components  is  very  complex  and  inconvenient. 

Thrust  of  a  Jet  engine  is  determined  with  the  help  of  the  theorem 
of  Euler  on  the  change  in  the  quantity  of  motion  of  a  moving  mass 
of  gas,  examining  the  engine  as  a  whole. 

The  theorem  of  thrust  for  a  Jet  engine  in  the  whole  form  was 
proved  by  Academician  B.  S.  Stechkin  in  1929.  Let  us  prove  this 
theorem  in  a  somewhat  changed  appearance. 

Let  us  separate  the  control  surface  limited  by  the  external 
surface  of  the  Jet  passing  through  the  engine  and  by  two  sections 
(h-h  and  5-5),  drawn  perpendicular  to  the  line  of  axial  symmetry 
of  the  engine  (Fig.  3.1). 

Section  h-h  is  selected  in  the  undisturbed  section  of  the 
flow;  section  5-5  is  drawn  on  the  section  of  the  jet  nozzle. 


H7 
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Fig.  3*1*  Determination  of 
thrust  ol'  a  VHD . 

Let  us  stipulate  that  the  engine  is  motionless  and  that  the 
air  moves  relatively  to  it  with  flight  speed  V. 

Let  us  introduce  the  concept  of  effective  thrust  of  a  VHL, 
understanding  by  this  term  the  resultant  uf  axial  forces  of  ri'ui 
and  external  pressures,  i.e.,. 


/?3(ji--/?n  rfii,  (  j.  ]  ^ 

where  H —  resultant  of  forces  of  internal  pressure; 

7?  -  resultant  of  forces  of  external  pressure. 

To  determine  the  resultant  of  forces  of  the  internal  pressure, 
let  us  apply  to  the  mass  of  gas  limited  by  the  control  surface 
Euler's  theorem  in  the  following  formulation: 

"A  change  in  the  quantity  of  motion  of  the  per  second  mass  of 
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:,j an  in  a  given  direction  is  equal  to  the  sum  of  projections  of  all 
external  forces  applied  to  the  isolated  mass  in  this  direction) » 


By  such  a  direction  let  us  select  the  direction  of  the  flight. 
Then  let  us  obtain 


where 


Jit  i/— p 

e 


(P,J»  -  PJi)  f  ^  pdf, 
>« 


(3-2) 


per  second  quantity  of  motion  of  the  mass  of  gas 
flowing  out  through  section  f^ j 


J*t  v  —  per  second  quantity  of  motion  of  mass  of  air  flowing 
c 

out  through  section  f  ; 

> — Psfa)  —  resultant  of  forces  of  gas  pressure  applied  to  the 
frontal  planes  of  the  control  surface; 


\*  pdf  —  resultant  of  forces  of  pressure  applied  to  the  side 
surface  of  the  "free"  section  of  the  Jet; 

tlf  f/scosa—  projection  of  elementary  side  surface  of  the  engine  da 
on  a  plane  perpendicular  to  the  direction  of  flight; 
r  -  force  equivalent  to  the  action  of  walls  of  the  engine 
on  the  gas  mass  (acts  in  a  direction  opposite  to  the 
direction  of  flight). 


Let  us  write  by  formula  (3-2)  the  expression  for  P  : 

B 

v)+lPJs-Pu/J~  \  pdf~-K*.  (3.3) 

Since  according  to  Newton's  third  law  the  force  of  the  action 
of  walls  of  the  engine  P  on  the  flow  will  be  equal  and  opposite 
to  the  force  of  action  of  the  flow  on  walls  of  the  engine,  i.e., 
the  resultant  of  forces  of  internal  pressure  /?g,  then  the  absolute 
magnitude  R  will  be  determined  by  an  expression  identical  to 
expression  (3*3). 

Let  us  now  find  R  . 

H 
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We  have 


h 

'viP  FJ  pdf,  K  .  : t 

Au 

where  .V  -  -  force  of  friction  of  external  flow  about  the  surface  of 
ip 

the  engine; 

,f  pdf  —  resultant  of  forces  of  external  pressure  applied  to  the 
/’*  surface  of  the  engine. 

Force  R  acts  in  a  direction  opposite  to  the  direction  of 
flight. 

Let  us  substitute  expressions  R  from  (3.3)  and  R  from  (3.4) 

13  H 

into  equation  (3.1). 


Then  we  obtain 


/  /•*  v  H*  /i 

^  \g  C*  Z  1  J  — -Vip  —  |  pdf. 

>. 

Let  us  note  that  J  /v//-:(/$— /»)/>». 


Then  expression  (3.5  can  be  reduced  to  the  form 

R*  (—  V)-\  [p:J,-pJ,V  (U ~f«)P,~ A',p- 

\  n  a  ' 

-$pdf+$  PHdf, 


(3.5) 


or 


/»  ► 

fs--y  ^)  t-/s (Pi-P,)-  iP-P'WU 

1 M 


(3.6) 
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Here 


(1) 


g 


<* 


change  in  quantity  of  motion  of  per  second 
mass  of  gas  flowing  through  the  engine;  it 
is  called  dynamic  component  of  thrust ,  it 
is  conditioned  by  a  change  in  the  gas 
velocity ; 


(2)  /sf/’j  — /0~  static  component  of  thrust ;  it  is  caused 

by  the  presence  of  surplus  pressure  on 
the  section  of  the  nozzle  (case  of 
incomplete  gas  expansion  in  the  Jet  nozzle 
of  the  engine ) ; 


(3)  1  (P  - P*WfT-zXt4,-~  force  of  drag  of  the  nacelle  of  the  engine; 

7 

"  it  acts  in  a  direction  opposite  to  the 

direction  of  flight.  It  is  caused  by  the 
the  deviation  in  pressure  on  the  side 
surface  s  from  the  atmospheric  and  also 
by  the  presence  of  friction. 


The  sum  of  the  dynamic  and  static  components  of  thrust  is  called 
internal  thrust  of  a  Jet  engine  R. 


Then 


Ro  tji =  R — Xra. 


(3.7) 


Thus,  the  effective  thrust  of  a  jet  engine  is  equal  to  the 
internal  thrust  of  the  engine  less  the  force  of  total  drag  of 
the  nacelle  of  the  engine. 

It  is  possible  to  write  the  following  equation: 
h  /» . 

\  (p — pjitf  —  XMn -j- Xp,  (3.8) 

f*  'n 

where  X  —  additional  resistance  conditioned  by  the  deformation 
Aon 

of  the  "free"  in  flowing  Jet  outside  the  engine  (here 
this  refers  to  wave  resistance  of  the  diffuser  at 
supersonic  flight  .j.,eeds); 
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X  -  resistance  of  pressure  of  the  nacelle  of  the  engine. 

in  general  the  force  uf  drag  of  tiie  nacej  It*  jf  the  engine  is 
equaJ  to 

<Yr.ii"  Xfioa  +  Xp  +  Xxp  +  Yflon, 


where  A'Tp  -  resistance  of  the  surface  of  friction; 

X  -"ground"  (rear)  effect  conditioned  by  rarefaction 
flon 

appearing  in  rear  part  of  the  engine. 


(o.9) 


3.1.1.  Formula  of  Internal  Thrust 


Let  us  write  the  working  formula  of  internal  thrust  of  the 
VRD,  having  noted  that 


G,—  G,  I G't-  G,(l+mT). 


Then  in  general 


3.10) 


Gr 

where  m,  -- - 

h. 


relative  fuel  consumption,  i.e.,  fuel  consumption 
per  1  kg  of  air;  on  the  average  m  =  0 .  015-0 . 020 . 


j. 1.1.1.  Particular  Cases  of  the  Formulas 
of  Internal  Thrust  (for  m ~  0) 


a)  (7u.fi?  of  complete  expansion  of  gas  in  a  jet  nozzU 

We  have  „  __ 

Ps~Pu- 


.'hen 


A’-rM'V-i/). 


(3.11) 


b)  Case  of  incomplete  expansion  of  gas  in  a  jet  nozzle 


We  have 


Prf>P*  and  f5^ fls- 


Then 


(r,-V)-\MPi-.Pll). 

X 


(3.12) 
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c)  Case  of  operation  of  the  engine  on  a  test  stand . 
We  have  V  *  0. 


Then 


(3.13) 


with  p5  *  pH 


K 


(3.1*0 


hoversing  and  Deviation  in  Thrust  of  Turbojet  Engines 


With  the  landing  of  contemporary  transport  aircraft  (Its  run 
on  an  airfield  up  to  stopping)  reversing  of  thrust,  i.e.,  if.  used 
widely  the  reversing  of  its  direction.  In  this  case  the  thrust 
becomes  "negative"  -  from  a  force  accelerating  movements  of  the 
aircraft,  it  turns  into  a  force  braking  its  movement. 


3.2.1.  Formula  of  Reversed  Thrust  (Fig.  3*2) 


Let  us  designate 


“a  *  °r  -  0 


Gas  consumption  through  the  jet  nozzle  with 
reverser  turned  off; 
reversed  thrust; 

gas  consumption  through  the  reverser; 
flight  speed; 

velocity  of  the  outflow  of  gas  from  the  Jet 
nozzle ; 

velocity  of  the  outflow  of  gas  from  the  reverser; 
angle  of  deviation  in  the  flow  with  thrust 
reversing  I(90°<P<180°);  180— fi'-al 


I  hen 


“  y  (<Y ~  V)  -  (Cj + c;  ,  cos  ae). 


(3.15) 
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Fig.  3.'d.  Derivation  of  the  formula 
of  reversed  thrust. 


Let  us  call  the  degree  of  draught  reversal  tin.  ratio  re  versed 
thrust  to  the  original  thrust  of  the  TKD  (with  the  reverser  turned 
off),  i . e . , 


U 


p.y 


py 


—  «“  »-V)- 
K 


a 


p.r 


<<■5  -4-  Pr.,cosa*) 


a 


or 


__  j  _  ^  > 

a 


(f»  +  f(,.y  cos  a) 


Let  <r.y--<fp.>f3,  then  finally  we  obtain 

TJ  1  *Vr  0  +  9  roso) 


(3.16) 


(3.17) 


The  condition  of  the  obtaining  of  negative  thrust,  i.e.,  the  ensuring 
condition  /tp><0, 


(3. IP) 


Consequently,  the  greater  the  degree  of  thrust  reversal  then: 


1)  the  greater  the  portion  of  reversed  mass  of  gas 

2)  the  greater  the  angle  of  deviation  of  the  jet  of  gas  $ 

(i.e. ,  the  less  a) 

3)  the  greater  the  flight  speed; 

4)  the  less  the  loss  of  velocity  with  reversing  of  the  jet. 

The  selection  of  angle  a  is  determined  by  need  to  prevent  the 
entrance  of  flow  of  hot  outgoing  gases  into  the  inlet  of  the  engine. 
The  latter  can  lead  to  a  surging  and  spontaneous  turning  off  of 
the  engine.  Usually  a  ■  30-60°. 

Let  1,0;  f---0,9O:  1/-0:  a»60°. 

<i 

Then 


77jp.y  «*  —ip  cos  a  =  —0,45. 


The  best  reversers  have  a  thrust 


J?p  y  ■  0,4-r-0,5. 

3.2.2.  Deviation  in  the  Vector  of  Thrust 
of  Lift  Turbojet  Engines 


Sustalner  engines,  which  are  installed  on  aircraft  of  vertical 
takeoff  and  landing  are  frequently  equipped  with  special  thrust 
deflectors  -  for  the  creation  of  additional  vertical  thrust  component 
(Fig.  3.3). 


In  these  cases  (i.e.,  with  deviation  in  the  reactive  jet  of 
90°)  at  suspension  nodes  of  the  engine  there  will  be  transferred: 
negative  horizontal  thrust  equal  to 


and  also  vertical  thrust  equal  to 
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Fig.  3.3.  Determination  of  components 
of  thrust  of  a  TRD  equipped  with  a 
thrust  deflector. 


where  4> 

o .  y 


coefficient  of  velocity  in  the  deflecting  device. 


in  a  number-  of  cases  lift  engines  vertically  Installed  •  <,  y*> 
have  rotary  devices,  which  by  means  deflecting  the  axis  of  the 
engine  from  the  vertical  (15-30°),  makes  it  possible  with  takeoff 
to  create  an  additional  horizontal  thrust,  and  with  landing  -  an 
additional  braking  force  (Fig.  3.4). 


Fig.  3.4.  Determination  of  components  of  thrust 
of  lift  TRD  with  rotary  mechanism. 


We  have : 


a)  with  takeoff 

(^s9>a.y  sinp- 1/); 

--  'VPo.cosp. 

g 


b)  with  landing 

A*r  —  -  --  (W«.,  sin '?  -  V)’ 

g 

—  r5<j>u  cos?. 

g 


56 


,  3*3*  Basic  Parameters  of  the  TRD  (VRD) 

Definitions  and  formulas  of  basic  parameters  of  the  VRD  are 
given  below  and  their  meanings  and  dimensions  are  also  given. 

Rate  of  Airflow  (Gao)  Per  Seoond. 


The  mass  flow  of  air  is  the  quantity  ( kilograms )  of  air  (gas) 
passing  through  the  engine  in  one  second,  i.e.. 


Thrust  of  TRD. 


G,=m  _ Hi —  kg/s  .  (3.19) 

vr; 


With  complete  expansion  of  the  gas 

kgf.  (3.20) 


Approximately 


Specifics  Thrust. 

Specific  thrust  is  the  thrust  necessary  for  the  rate  of  airflow 
at  1  kg  per  second: 


1 


Approximately 


R  fjfl  -f-  w,)  —  V 
e 


(3.21) 


if _ fi  ~  v 

*  t 


Fuel  Consumption  Per  Seoond. 


(3.22) 


The  fuel  consumption  per  second  is  the  quantity  of  fuel 


expended  by  the  engine  in  1  second: 


G,  kg/s. 


Fuel  Consumption  Per  hour. 


36000',  kg/h. 


Specific  fuel  consumption  is  the  hourly  fuel  consumption  of 
fuel  referred  to  1  kgf  of  thrust  in  hour,  i.e.. 


_360(V7f_ 

R 


IfiOOm, 

~R>a 


kg/kg f *h. 


(3.2i) 


Relative  Fuel  Consumption. 

The  relative  fuel  consumption  is  fuel  consumption  per  second 
referred  to  the  rate  of  airflow  per  1  kg/s,  i.e., 

m  _?!!_  (3 .2*0 

*  O.  a/0  Hu  ‘ 

Coefficient  of  Air  Surplus. 

The  coefficient  of  air  surplus  is  the  ratio  cf  the  actually 
entered  quantity  of  air  to  that  theoretically  necessary  for  complete 

combustion  of  1  kg  of  fuel,  i.e.. 


Effective  Work. 

The  effective  work  is  the  useful  work  of  a  cycle  of  the  VRD 
equal  to  the  differences  of  work  of  expansion  and  work  of  compression, 
i.e., 


L'-Lv-U 


kgf  »m 
kg 


(3.26) 
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Effective  Effioienou. 


Effective  efficiency  of  the  TRD  is  the  ratio  of  heat  equivalent 
to  effective  work  of  the  engine  to  the  whole  heat  introduced  with 
fuel,  i.e., 


(3.27) 


Thrust  Effioienou . 

Tnrust  efficiency  of  the  TRD  is  the  ratio  of  work  of  reactive 
tnrust  to  effective  work  of  the  engine,  i.e., 


Total  Efficiency . 


(3.28) 


The  total  efficiency  of  the  TRD  is  the  ratio  of  the  heat 
equivalent  to  the  work  of  reactive  thrust  to  the  whole  heat  introduced 
with  the  fuel,  i.e. , 

»*'v  (3.29) 


Frontal  Thrust. 

Frontal  thrust  of  the  TRD  is  the  ratio  of  thrust  of  the  TRD 
to  mid-section1  of  the  engine,  i.e.. 


(3.30) 


Spear  fio  Weight. 


‘Maximum  cross  section  of  the  engine. 
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PART  TWO 

THERMODYNAMIC  CYCLE*  AND  WORKING  PROCESSES 
OF  JET  ENG  INI’S 


C  H  A  P  T  E  li  4 


THERMODYNAMIC  CYCLES  AIRBREATHING  JET  ENGINE 


Ideal 


rcles  of  Jet  Engines 


=  const 


Let  us  examine  initially  the  ideal  cycle  a'  ;t  jet  engine,  i.e.  , 
the  cycle  consisting  of  Ideal  reversible  processes.  Such  a  cycle 
is  the  adiabatic  cycle  p  =  const.1  It  consists  of  the  following 
processes  (Pig.  4.1): 

0— 2a2  -  adiabatic  compression  accomplished  in  a  free  Jet  in 
front  of  an  engine  because  of  the  impact  pressure 
(dynamic  compression)  and  in  the  compressor  (mechanical 
compression) ; 

2a-3u  -  isobaric  feed  of  heat  in  the  combustion  chamber; 

3 u-5a  -  adiabatic  expansion  in  a  gas  turbine  and  in  a  jet  nozzle; 

3a- 0  -  isobaric  rejection  of  heat  from  a  Jet  of  hot  gases 

flowing  from  the  engine  into  the  external  medium. 


'Brayton  cycle. 

2Sometimes  the  section  of  undisturbed  flow  is  designated  by 
H-H  emphasizing  by  this  that  it  is  examined  in  high-altitude  conditions 
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The  ideal  cycle  of  the  jet  engine  depicted  in  Fig.  4.1  by 
circuit  0-2a-3«“5a-0  is  a  oloeed  air  cycle  of  invariable  chemical 
composition  with  constant  thermal  specific  heat ,  which  does  not 
depend  on  temperature.  The  cycle  p  ■  const  is  the  basic  cycle  of 
the  jet  engine. 

Let  us  designate  by  symbols  a  =■-&--  compression  ratio  of  the 

T 

working  medium;  8.-=—" —  degree  of  preh’eating  of  the  working  medium. 

fo 

The  thf'mal  efficiency  of  the  cycle  p  ■  const  is  determined 
by  <  xpression 


where  *=  —-1,4—  specific  heat  ratio  for  air.  It  depends  only  on 
the  compression  ratio  tt  and  continuously  increases  with  its  increase. 

The  area  limited  by  circuit  0-2a-3u-5a-0  depicts  in  a  certain 
scale  the  useful  work  of  the  ideal  cycle  L  ,  . ;  this  useful  work 

can  be  obtained  in  the  form  of  an  increase  in  kinetic  energy  of 
1  kg  of  air  inside  the  engine  —  the  case  of  a  turbojet  engine  or 
ramjet  VRD,  -  or  also  partially  in  the  form  of  mechanical  energy 
capped  through  the  turbine  shaft  to  that  using  it.  The  user  of 
such  energy  can  be  a  propeller,  fan  or  an  additional  compressor. 

In  these  cases  the  VRD  is  respectively  called  a  turboprop,  turbofan 
or  ducted- fan  turbojet  engine. 

For  proof  of  this  position  let  us  write  the  equation  of  the 
energy  of  flow  for  sections  0-0  and  5-5. 

We  have 

(4.1) 

where  cr(Tl~To)a’qn~  heat  tapped  for  the  cycle  (in  the  isobaric 
process  0-5);  —  external  work  equal  to  the  mechanical 

energy  tapped  for  driving  the  propeller,  fan  or  compressor  of  the 
second  circuit. 
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In  general 


£»h  —  Lj — Lft^O. 

Since  the  difference  between  the  supplied  and  tapped  heat  is 
equal  to  the  useful  work  of  the  cycle,  i.e., 


qi—Qn—ALt, 

then  the  equation  of  flow  (4.1)  is  reduced  to  the  form 


d  - 1'5 

/  —  /  .! _ 4 

'  "  '  1R 


(4.2) 


which  had  to  be  proven. 


The  obtained  relation  (4.2)  is  valid  for  any  cycle  of  the 
VRL)  -  ideal  and  real. 


4.2.  Real  Cycle  of  the  Jet  Engine 

The  real  thermodynamic  cycle  is  considerably  distinguished 
from  the  ideal  cycle  p  ■  const.  It  consists  of  practical,  i.e., 
irreversible  processes,  which  are  accompanied  by  various  losses 
and  thermochemical  reactions. 

Figure  4.2  shows  the  real  cycle,  which  has  identical  compression 
7T  and  preheating  <5  factors  with  the  ideal  cycle.  It  consists  of 
the  following: 

0-1-2  —  polytropic  process  of  compression1  with  the  feed  of  heat 
from  friction  (here  0-1  —  process  of  dynamic  compression;  1-2  — 
process  of  mechanical  compression) ; 

2-3  -  polytropic  feed  of  heat1  in  the  combustion  chamber  with 
a  drop  in  pressure  because  of  various  losses.  As  a  result  of  the 
chemical  reaction  of  combustion  of  the  fuel-air  mixture,  which 
occurs  at  high  temperature,  the  chemical  composition  of  the  working 

‘Processes  of  compression,  heat  feed  and  expansion  are 
conditionally  taken  as  polytropic. 


64 


medium  and  its  quantity  change  (because  of  fuel  injection),  and 
specific  heat  of  the  gas  increases; 

3-4-5  -  polytropic  process  of  expansion1  (here  3-4  -  process  of 
expansion  in  the  turbine;  4-5  —  the  same  in  the  jet  nozzle  with 
heat  feed  from  friction); 

5-0  -  isobaric  process  of  heat  removal. 


Thus,  the  real  cycle  of  the  VRD,  depicted  on  the  circuit 
0-1-2-3-4-5-0 ,  is  a  poly  tropic  oyole  with  variable  chemical  component 
and  variable  8pecifia  heat  of  the  working  medium  (air  +  gas). 

The  real  cycle,  in  contrast  to  the  ideal,  is  an  "open"  cycle  - 
gases  flowing  from  the  engine  no  longer  take  part  in  the  periodically 
accomplished  work  and  do  not  enter  into  the  entrance  of  the  VRD. 

The  presence  of  friction  in  all  processes  occurring  in  the 
VRD  decreases  the  useful  work  of  the  cycle,  which  as  the  final 
result  lowers  the  thrust  of  the  VRD  and  worsens  its  economy.  To 
prove  this,  it  is  sufficient  to  compare  both  cycles  with  respect 
to  the  quantity  of  supplied  and  tapped  heat. 

Since  the  interval  of  preheating  in  the  combustion  chamber  as  a 
result  of  preheating  from  friction  in  the  compressor  is  decreased 


‘Processes  of  compression,  heat  feed  and  expansion  are 
conditionally  taken  as  polytr*.. 
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[(T3--T2)  <(7}U~-7;o)),  then  </Kp)<^i<i«). 


The  increase  In  temperature  of  outgoing  gus<_-s  frcm  the  Jet  n 

in  the  case  of  the  real  cycle  (iv  >  fr  )  indicates  the  fact 

j  ba 

the  quantity  .  f  tapped  heat  grew,  i.e.,  </iwP)> <7n„t„|.  Ccnsequei. 
useful  work  of  the  real  cycle  is  less  than  that  in  the  ideal 

i.e.  , 


/.„</. 


»dw)i 


since 


(9KH~7ii(p))  <  (?Kuaj— ?n;na)). 


Let  us  call  expression 

r(r> ~T* 

the  total  work  of  expansion  of  the  gas. 


Similarly,  expression 


^K  + 


\y 


'•«-  -/-in- r,) 


is  called,  the  total  work  of  compression  of  the  air. 


If  from  the  total  work  obtained  with  expansion  (£  ),  we 
the  total  work  expended  for  compression  (£,  )  ,  then  we  obtain 
useful  work  of  the  real  cycle  of  the  TRD..  i.e., 


fJ-Ki 


2* 


in  the  particular  case  when  L  =  L  ,  we  find  that 

K 


l  j.  u 

::at 

iy  ,  the 
cycle 


sub  tract 
the 


(4.3) 


(4.3a) 
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> 


Let  us  apply  to  processes  of  compression,  of  heat  feed  and  of 
expansion  accomplished  inside  the  TRD  between  sections  0-0  and  5-5, 
Bernoulli's  equation: 

r  »  <\-vi 

Lu-Lt-\vdp  +  L,+  —j-g — .  (4.4) 

Assuming  for  the  TRD  that  L  ■  L  ,  we  obtain 

K  i 


where 


work  work  at  work  of 
compression  heat  feed  expansion 


—  f  v,ip  r-  Lt—  work  equivalent  to  the  area  limited  by  the  circuit  of 
» 

the  cycle,  or  the  so-called  indicator  work  of  the  real 
cycle. 

It  is  convenient  to  express  the  indicator  work  in  terms  of 
polytropic  works  of  processes  Lt ™  —  Lnntx . 

iiit 

+  £,  +  £,—  total  work  of  friction. 

•  OS# 

The  work  of  friction  in  the  process  of  compression  is  depicted 
in  r-a-coordinates  (Pig.  4.3)  by  the  area  lying  under  the  compression 
line  (area  O-2-i-a-O). 

The  work  of  friction  in  the  process  of  heat  feed  is  depicted 
in  r-a-coordinates  (see  Fig.  4.3)  by  the  area  2-3-2'-o-i-2.  Actually, 
the  area  2-3-d-£-2  lying  under  the  line  of  the  real  process  of  heat 
feed  is  the  sum  of  the  external  heat  and  heat  of  friction;  the  area 
lying  under  Isobar  2 * — 3  is  the  external  heat  determined  by  the  same 
temperature  range  (T^-T 2). 
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Fig.  ‘4.3.  Determination  of 
losses  of  friction  in  the  real 
cycle . 


Consequently,  the  difference  in  areas  2-3 -d-l-,'  and  2 ' ' -3-d-a 
is  equivalent  to  the  heat  of  friction  in  the  re  a  i  process  jf  i,.  at 
feed . 


The  work  of  friction  in  the  process  of  expansion  in  i-s-coor 
nates  is  depicted  as  the  area  which  lies  under  the  polytrope  of 
expansion  (area  3-5-e-d-3). 


Thus,  if  from  the  indicator  work  of  the  cycle  we  deuuct  the 
sum  of  works  of  friction,  then  we  will  obtain  an  increase  in  the 
kinetic  energy  in  the  real  cycle,  which  it:  considerably  lose  than 
the  useful  wor^  of  the  ideal  cycle,  i.e., 


4.2.1.  Change  in  Total  Energy  of  Gas 
Flow  in  Elements  of  the  TED 


The  representation  of  real  gas  conditions  in  parameters  of 
braked  flow  in  i-s-coordinates  makes  it  possible  in  simple  ana 
graphic  form  to  show  the  change  in  total  gas  energy  in  separate 
elements  of  the  TRD  (Fig.  4.4). 
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* 


Fig.  4.4.  Change  in  total  energy 
of  gas  in  the  real  cycle. 

Ihus,  for  instance,  at  the  entrance  into  the  engine  and  the 
jet  nozzle  the  total  energy  of  the  gas  remains  constant: 


In  the  compressor  it  increases  as  a  result  of  the  feed  of 
mechanical  energy: 


AL,=i\-rv 


and  In  chamber  of  combustion  -  as  a  result  of  heat  feed: 

In  the  turbine  the  total  energy  of  the  gas  is  decreased,  which 
is  conditioned  by  the  removal  of  mechanical  energy  to  the  user 
( compressor) : 


ALt=rt-rv 

4.3.  Efficiency  of  the  Process  of  Compression 

Processes  of  dynamic  (outside  the  engine)  and  mechanical  (in 
the  compressor)  of  compression  of  the  TRD  occur  with  different 
hydraulic  and  gas-dynamic  perfection.  The  criteria  of  this 
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# 

perfection  are,  as  is  known,  for  the  diffuser  -  for  tne 

compressor  -  nH- 


To  estimate  the  effectiveness  ol  the  proceed 
as  a  whole,  let  us  introduce  the  concept  of  total 


of  compression 
efficiency  of 


compression . 


The  efficiency  of  process  of  compression  is  called  the  ratio 
of  adiabatic  work  of  compression  to  the  expended  work  of  compression, 
v,hieh  is  equal  to  the  sum  of  kinetic  energy  of  air  in  the  section 
corresponding  to  the  undisturbed  flow,  and  the  work  of  compressor 
(Pig.  4.5) ,  i.e. , 


L. 


Let  us  transform  formula  (4.5): 


(4.5) 


(4.6) 


‘Subsequently,  for  brevity  we  will  omit  the  work  "total". 
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Prom  formula  (4.6)  it  follows  that  the  efficiency  of  compression 

ft  # 

depends  on  coefficients  of  losses  of  partial  processes  (6  ,  nH)>  and 
also  on  compression  factor  of  the  compressor  and  MQ  ■  of  flight, 
i.e.,  on  the  part  of  participation  of  the  partial  process  in  the 
total  process  of  compression. 


Fig.  4.6.  Effect  of  various  factors  on  efficiency 
of  compression  nc* 

Let  M«  *  0,  then 


(4.7) 


* 

Let  tt 

K 


1,  then 


(i  wmJ).  y*- 1 

'  0.2  M’ 

#  * 

Let  o  ■  1 ,  then  n  >  nu  . 

fl  CM 

« 

Let  n  *  1,  then 


Figure 


,,e"  (1 

4.6  shows  the  effect  of  various  factors  on  n  • 

U 

4.4.  Efficiency  of  the  Expansion  Process 


(4.8) 


(4.9) 


Expansion  processes  in  a  turbine  and  in  a  jet  nozzle  are 
accomplished  with  different  effectiveness  and  are  characterized  by 
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di fferent 


values 


of  efficiency  (n..  and  n 

r  p  •  c 


To  estimate  the  effectiveness  of  the  process  of  expansion  as 
a  whole,  let  us  introduce  the  concept  of  t  of uj  efficiency  ui  expansion. 


The  efficiency  of  the  processe  of  expansion  is  called,  the  ratio 
of  the  actually  obtained  work  of  expansion,  equal  to  the  sum  of 
the  work  of  the  turbine  and  kinetic  energy  at  the  exit  of  the  jet 
nozzle,  to  the  adiabatic  work  of  expansion  (see  Pig.  4.'.),  i.e.. 


ii  + 


*.p 


r-a  i.p 


(  4  .  i  0  ) 


set  us  transform  formula  (4.10): 


V- 


-n. 


•i-  /, 


rK 


1  ,  r’t  i  (fi'y  ,ai,'),r[..f 

. 


Let  us  denote 


(4.12) 


Then 


\  K  (1  -h)?r(. 


When  b  =  0.5,  we  have 


r 


(4.13) 


4.5.  Other  Ideal  Cycles  of  Alrbrcathlng  Jet  Engines 


4.5.1.  Cycle  of  the  Turboramjet  Engine 


Figure  4.7  shows  in  p-o  and  T-s- coordinates  the  ideal  cycle 
of  the  TRDF  (p  =  const,  with  stepped  heat  feed).- 
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Here 

0-2  -  adiabatic  curve  of  compression; 

2- 3  -  isobar  of  heat  feed  in  the  main  combustion  chamber; 

3- 4  -  adiabatic  curve  of  expansion  in  the  turbine; 

4— —  isobar  of  heat  removal  in  the  afterburner; 

4cp—  5cp  -  adiabatic  curve  of  expansion  in  the  jet  nozzle; 

50-0  -  isobar  of  heat  removal. 


The  TRDF  cycle  is  a  combination  of  two  cycles  p  ■  const:  main 
(0-2-3-5)  and  afterburner  (5-4-40-5$);  the  main  cycle  has  a  greater 
compression  ratio  than  that  of  the  afterburner; 


Po 


P\ 

Po 


and,  consequently,  a  higher  thermal  efficiency. 

It  is  easy  to  draw  the  conclusion  that  che  addition  of  the 
afterburner  cycle  to  the  main  cycle  p  ■  const  increases  the  useful 
work  of  the  total  cycle: 


which  will  be  greater,  the  greater  the  heat  supplied  in  the  after- 
Durner.  An  increase  in  useful  work  of  the  cycle  leads  to  a 
growth  in  specific  and  also  total  thrust  of  the  TDRF.  At  the  same 


73 


time,  the  addition  of  the  afterburner  cycle  with  relatively  low 
thermal  efficiency  lowers  the  thermal  efficiency  of  the  total  cycle 
ol‘  the  THLiF.  Therefore ,  the  switching  rf  the  a  f’ii  rbnr:.'  ’•  ot.  Uk’ 
test  stand  always  makes  the  economy  of  deration  of  t:.e  «.  ;.0i :  :  . 

4  .  t .  d .  Cycle  with  Isothermal  Compression 

The  tendency  to  reduce  power  expenditures  in  the  compression 
process  led  to  the  concept  of  air  cooling  in  the  nigh-pressure 
axial-flow  compressor  (for  example,  by  water  injection). 

In  the  particular  case  of  the  intensive  cooling,  the  temperature 
of  the  compressible  air  can  remain  constant.  Thus,  we  arrive 
logically  at  the  examination  of  the  ideal  cycle  p  =  const  with 
isothermal  compression  (Fig.  4.8). 

Fig.  4.8.  Ideal  cycle  p  =  const 
with  isothermal  compression. 


The  cycle  p  =  const  with  isothermal  compression  U-da-j-b  is 
distinguished  from  usual  cycle  p  =  const  0-2a-3-b  in  that  the 
compression  of  the  wonting  medium  occurs  not  along  the  adiabatic 
curve  but  along  the  isotherm,  in  this  case  the  work  expended  for 
compression  is  lowered,  i.e., 


hit/.u. 


Consequently,  with  the  same  produced  work  of  expansion  the 
useful  work  of  the  cycle  increases,  i.e., 


-!>  -lll-i-j 
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As  regards  the  effect  of  cooling  with  compression  on  the  thermal 
efficiency  of  the  cycle,  the  latter  is  less  with  isothermal  compression 
tnan  with  the  adiabatic  process.  The  latter  follows  from  the 
comparison  of  efficiency  of  elementary  Carnot  cycles1,  which  form  the 
additional  cycle  0 -2u-2a  (see  Pig.  4.8),  anc.  also  the  original 
Brayton  cycle  0-2a-3u-5a  (see  Fig.  4.1). 

Thus,  the  introduction  of  isothermal  compression  increases 
the  useful  work  of  cycle  but  simultaneously  lowers  its  thermal 
efficiency  d,  consequently,  makes  the  economy  of  thermodynamic 
cycle  worse. 

h.5'3‘  Ideal  Cycle  p  ■  const  with  Heat  Recovery 

One  of  the  methods  of  Increasing  the  economy  of  aviation  gas 
turbine  is  heat  recovery. 

Heat  recovery  is  understood  as  the  use  of  heat  of  gases  exhausted 
in  the  engine  for  preliminary  preheating  of  air  compressed  in  the 
compressor  before  its  feed  into  the  combustion  chamber.  Heat 
recovery  lowers  the  quantity  of  external  heat  applied  to  the  working 
medium  in  the  thermodynamic  cycle,  and,  consequently,  increases  the 
economy  of  the  engine. 

Figure  4.9  shows  the  ideal  cycle  p  *  const  with  recovery  heat. 

It  is  distinguished  from  the  usual  cycle  p  *  const  in  that  the 
preheating  of  cold  air  in  the  process  2-2p  accomplished  because  of 
the  cooling  of  hot  gas  in  the  process  4-4p,  i.e.,  because  of  the 
Internal  heat  exchange  in  the  regenerator. 

in  the  ideal  case  the  process  of  heat  exchange  In  the  regenerator 
occurs  isobarically ,  without  losses  and  the  air  temperature  at  the 
exit  from  the  regenerator  is  equal  to  the  temperature  of  the  gas 


'The  efficiency  of  elementary  Carnot  cycle  is  greater  the  higher 
the  ratio  of  temperatures  in  the  adiabatic  process  of  compression, 
i.e. , 


■*to  —  l  — 
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Fig.  4.9.  Ideal  cycle  p  =  const 
with  heat  recovery. 


entering  into  the  regenerator  i.e.,  =  1'^.  Correspondingly 


Let  us  find  the  thermal  efficiency  of  the  cyc.e  with  heat 
recovery . 

We  gave 


•  XL  ci  {Ta  zL'lz* "  {Tj  rIA 

VI  cpiTy  —  T^p) 


or 


Noting  that 


'  T  '  1 

where  .ip  |  -j 
in  efficiency. 


r, 

h 


T% 

f* 


*— 1 

a  *  ,  we  obtain 


.  compression  ratio  of  the  cycle  p 


(4.15) 


const  equivalen 


Thus  the  cycle  p  =  const  with  heat  recovery  (l-2-'j-4)  with 
respect  to  thermal  efficiency  is  equivalent  to  the  usual  cycle 
p  =  const  (without  heat  recovery)  but  with  the  raised  compression 
ratio  ( 1 ' -2p-3-4 ' ) : 
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Expression  (4.15)  can  also  be  represented,  in  the  form 


i 


»-i 


(4.16) 


where 


A  -- 


r, 

Tx 


-  degree 


of  preheating. 


Thus,  the  efficiency  of  the  cycle  p  ■  const  with  heat  recovery 
is  more,  the  higher  the  degree  of  preheating  of  the  working  medium 


(i.e. ,  the 
compression 
-he  thermal 
(Fig.  4.10) 


higher  the  temperature  of  the  gas  T^)  and  the  lower 
ratio.  At  the  same  time,  in  the  usual  cycle  p  *  const 
efficiency  is  higher,  the  greater  the  compression  ratio 


Let  us  find  the  value  of  the  compression  ratio  of  the  cycle 
at  which  the  use  of  heat  recovery  appears  irrational,  i.e., 


From  equalities  j  i -4-.  or  T ^  -  T2  we  obtain 


"  »*•* 


vi. 


(4.17) 


For  A  ■  4  (2’1  *  288°K  and  T 3 


1152°K)  we  find  TTmax  »  11.3. 


Vt 


Fig.  4.10.  Comparison  of  thermal 
efficiency  of  cycles  p  *  const: 
a-c'  heat  recovery;  b)  without 
heat  recovery. 


From  the  aforesaid  the  conclusion  can  be  made  about  the  fact 
that  the  use  of  heat  recovery  is  expedient  in  the  gas  turbine  with 
a  high-temperature  turbine  and  low-pressure  compressor. 
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CHAPTER  5 


INTAKE  SYSTEMS  OF  JET  ENGINE 
5.1.  Purpose  of  Intake  Devices  and  Their  hequi rements 

Intake  systems,  or  diffusers,  of  jet  engines  are  intended  for 
effective  air  compression  by  means  of  decelerating  the  flow  entering 
into  the  engine.  At  supersonic  flight  speeds  this  function  of  the 
diffuser  is  the  main  one. 

At  the  same  time.  Intake  must  at  all  speeds  and  processes  of 
flight  have  high  carrying  capacity  and  provide  at  the  inlet  into 
the  compressor  (or  directly  into  the  combustion  chamber  of  ramjet 
engines)  a  high  level  of  uniformity  of  velocity  anu  of  pressure 
fields . 

It  is  necessary  also  that  the  energy  conversions  in  diffusers 
of  the  test  stand  and  in  flight  would  be  accomplished  with  as  less 
hydraulic  and  gas-dynamic  losses  as  ucssible,  and  they  do  not 
lead  to  the  appearance  of  cutoff  and  surge  conditions,  which  sharply 
worsen  the  operation  of  the  engine. 

Since  the  intake,  with  their  sometimes  quite  complex  configuration, 
are  an  integral  element  of  the  nacelle  of  the  engine,  then  it  is 
very  important  that  they  do  not  create  considerable  external 
resistance . 

With  an  Increase  in  the  speed  of  flight  the  role  of  the  diffuser, 
in  providing  highly  economical  operation  of  the  engine,  continuously 
increases . 
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5.1.1.  Basic  Requirements  of  Intake 


The  basic  requirements  of  Intake  of  Jet  engines  are: 

1)  low  losses  of  total  pressure  in  all  flight  regimes; 

2)  high  productivity; 

3)  low  external  resistance; 

4)  high  uniformity  of  velocity  and  pressure  fields  at  the  inlet 
into  the  compressor  or  into  the  combustion  chamber; 

5)  absence  cutoff  and  surge  regimes; 

6)  ligh‘  weight,  simplicity  of  design  and  control. 


5.1.2.  Basic  Parameters  of  Effectiveness 
of  the  Diffuser 


5. 1.2.1.  Coefficient  of  Drop 
i'n  Total  Pressure  the 
Diffuser. 


The  hydraulic  and  gas-dynamic  perfection  of  the  Intake  is 
characterized  by  the  coefficient  of  the  drop  in  total  pressure 


(5.1) 


equal  to  the  ratio  of  total  air  pressure  at  the  entrance  into  the 
compressor  or  in  the  combustion  chamber  to  the  total  air  pressure 
in  the  section  corresponding  to  the  undisturbed  flow. 


» 

The  greater  the  magnitude  ofl,  the  higher  the  pressure  in  gas-air 
channel  of  the  engine,  and,  consequently,  the  greater  the  total 
thrust,  the  lower  specific  fuel  expense  of  the  Jet  engine. 


5. 1.2. 2.  Flow  Coefficient  of  the 
Diffuser. 

The  requirement  of  high  productivity  of  the  intake  is  connected 
with  peculiarities  of  its  operation  at  supersonic  flight  speed,  when 
at  the  assigned  area  of  the  inlet  into  the  diffuser  the  air  flow 
can  have  different  values. 
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Productivity  of  the  supersonic  diffuser  is  characterized  by  the 
flow  coefficient,  which  is  the  ratio  of  real  rate  of  air  flow  through 
the  diffuser  to  the  maximum  possible  flow  when  viu-  area  ..,f  1 1 1 •  *  section 
of  inlet  jet  in  the  undisturbed  flow  is  equal  to  the  area  of  inlet, 

i.e. , 


G 

Gm*x 


/m 


(5.2) 


The  greater  flow  coefficient,  the  higher  the  thrust. 

5. 1.2. 3-  Coefficient  of  Drag 
of  the  Diffuser. 


It  is  accepted  to  estimate  the  effect  of  intake  systems  on  the 
external  resistance  of  engine  nacelle  by  coefficients  similar  to 
coefficients  of  drag  of  the  fuselage  in  aerodynamics. 


The  coefficient  of  resistance  of  the  intake  can  be  referred  to 
its  greatest  section  (mid-section).  It  is  equal  to 


(5.3) 


where  X 


ax 

5 


p  ;  v 

H  *  -H 


-  force  of  drag  of  the  intake; 

-  mid-section  of  the  intake; 

-  density  and  velocity  of  air  in  the  section  corresponding 
to  the  undisturbed  flow. 


5.1.3.  Concept  on  External  Resistance  of  the  Intake 

Earlier,  in  Section  3.1,  we  obtained  the  expression  for  force 
of  the  total  drag  of  the  nacelle  of  the  engine  in  the  form 

+ Xp+ Xtp+ Xi0H. 

In  this  chapter  we  will  examine  the  essence  of  additional 
resistance  of  the  inlet  jet  Uflon),  and  also  the  resistance  of 
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pressure  of  the  diffuser  (*p).  Precisely  they  determine  the  physical 
essence  of  external  resistance  of  the  inlet  device. 

5.1.^.  Additional  Resistance  of  the  Intake  System 

The  additional  resistance  of  the  intake  system  is  the  axial 
component  of  surplus  forces  of  pressure  applied  to  the  border  of 
the  surface  of  the  free  Jet  between  its  section  corresponding  to 
the  undisturbed  flow  and  the  section  at  the  inlet  into  the  engine, 
i.e.  , 

Mt 

-V4,n—  l  (P—J>»)d/'  [bx  *  inlet] 

6 

The  additional  resistance  depends  on  the  configuration  of  the 
inlet  jet  and  distribution  of  pressure  over  its  surface.  With 
operation  of  the  engine  on  a  test  stand  (when  V  *  0)  lines  of  flow 
"merge"  from  all  sides  to  the  inlet  into  the  diffuser.  In  this 
case  along  each  stream  there  is  the  velocity  increase  and  a  lowering 
of  pressure  and  temperature  (Pig.  5.1a). 


Fig.  5.1.  Change  in  gas  parameters  at  the 
inlet  of  the  TRD :  a)  V  ■  0;  b)  V  <  aQ', 

c)  V  >  aQ. 


With  flight  at  low  speeds  (when  V  <  c  )  the  boundary  flow 

B  X 

lines  of  the  inlet  jet  form  a  convergent  funnel  (convergent  channel), 
and  in  this  case  along  each  elementary  stream  acceleration  of  flow 


occurs . 


In  the  particular  case  when  V  =  a  ,  flow  lines  of  the  entering 

B  X 

jet  remain  parallel;  along  separate  jets  of  flow  energy  conversions 
do  not  occur. 

At  great  subsonic  velocities,  when  an  >  V  >  o  boundary  lines 
of  flow  of  the  inlet  jet  form  a  divergent  funnel  (di f fuser) ;  in 
this  case  along  the  elementary  Jets  there  is  deceleration  of  flow, 
which  is  accompanied  by  an  increase  in  pressure  and  temperature 
(see  Fig.  5  .  lb  )  . 

At  supersonic  flight  speed  infront  of  diffuser  u.e  inlet  .is 
established  shock  wave  (sc  Fig.  5.1c)  . 

In  all  cases  described  here  (except  for  V  =  a  )  in  the  free 

ox 

jet  an  additional  resistance  acting  it,  a  direction  opposite  to 
the  direction  of  flight  appears. 

5.1.5.  Pressure  Drag  of  the  Intake 

At  subsonic  flight  speeds  and  at  nonseparated  flow  of  the 
external  surface  of  the  diffuser,  pressure  drag  is  absent.  What 
is  more,  with  flow  about  surfaces  of  the  inlet  element  of 
the  air  inlet  as  the  usual  profile,  there  appear  aerodynamic  forces, 
which  give  an  axial  component  acting  in  the  direction  of  flight,  the 
so-called  suction  force.  The  reasons  for  the  appearance  of  the 
suction  force  are  easily  understood  by  examining  spectra  of 
pressure  distribution  along  the  upper  and  lower  surface.:  of  the 
inlet  element  of  the  diffuser  (Fig.  5.2)  similar  to  the  aerodynamic 
profile . 

Fig.  5.2.  Determination  of  suction 
forces  of  the  inlet  device  at 
subsonic  flight  speeds. 


82 


In  the  Ideal  case  of  flow  when  friction,  shock  waves  and 
separations  of  flow  are  absent,  the  suction  force  in  accuracy  is 
equal  to  the  force  of  additional  resistance  of  the  free  jet  and  is 
directed  opposite  to  it,  and,  consequently, 

A  Ano*e  E  0. 

In  the  actual  case  of  flow,  the  suction  force  is  less  than 
the  force  of  additional  resistance,  and  in  the  presence  of  a  sharp 
inlet  edges  f  the  diffuser  it  is  practically  equal  to  zero. 

At  supersonic  flight  speeds  the  appearing  shock  waves  increase 
the  pressure  at  the  external  surface  of  the  conical  casing  of  the 
diffuser.  As  a  result  of  this  the  resistance  of  pressure  of  thr 
diffuser 

*P=j \lP-PuW, 

>1 


which  now  we  will  call  wave,  increases  sharply. 

5.2.  Thermodynamic  Processes  in  Air  Intake  (Diffusers) 

Let  us  examine  processes  of  the  conversion  of  energy  in  the 
standard  (Fig.  5*3)  subsonic  air  Intake  (diffuser)  on  a  test  stand 
(y  *  0)  and  in  flight;  at  subsonic  (0  <  V  <  aQ)  flight  speeds.  These 
processes  partially  occur  outside  the  engine  -  in  the  free  Jet  and 
in  the  actual  air  intake.  Experience  shows  that  in  a  free  subsonic 
Jet  (a  test  stand  and  in  flight)  the  process  of  conversion  of 
energy  occurs  practically  without  losses,  i.e.,  isentropically . 

The  air  intake  designed  for  subsonic  flight  speeds  is  made 
usually  in  the  form  of  a  narrowing  channel  (convergent  channel). 

In  such  an  air  intake  there  is  the  process  of  gas  expansion,  i.e., 
a  certain  acceleration  of  flow.  This  makes  it  possible  to  provide 
a  more  even  velocity  field  at  entrance  into  the  compressor,  prevent 
the  appearance  of  flow  separation  and  unstable  operation  and  reduce 
gas-dynamic  losses. 
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Fig*  5*3*  Engine  nacelle  of  subsonic  aircraft 
(cross  section). 

Figure  5.4  gives  at  T;  —  --  a -coordinate.;  the  process  of  energy 
conversion  at  the  entrance  into  the  TRD  for  cases  a)  when  V  =  0  and 
b)  when  V  >  a^.  The  process  in  a  free  subsonic  Jet  is  shown  in  the 
form  of  the  isentrope  0— 1 1 ;  the  process  inside  the  air  intake  is 
depicted  in  the  form  of  an  irreversible  adiabatic  curve  of  expansion 
l’-l  (with  an  increase  in  entropy). 


Fig.  5.4.  Process  of  the  conversion  of  energy 
at  inlet  of  the  TRD:  a)  on  a  test  stand  ( V  =  U); 
b )  in  flight  ( V  >  )  . 

Let  us  formulate  the  equation  of  energy  for  sections  0-0  and 
1-1  of  the  flow  at  the  inlet  of  the  TRD. 


We  obtain 


Thus,  in  processes  of  dynamic  deceleration  or  acceleration  of 
flow,  independently  of  the  presence  of  friction  and  shock  waves, 
the  total  energy  of  1  kg  of  air  remains  constant.  The  total  gas 
temperature  also  remains  constant: 


(5.5) 


The  total  gas  pressure,  as  follows  from  a  comparison  of  braked 
flow  conditions  in  sections  0-0  and  1-1,  is  lowered,  i.e.. 


P\<Pl 


The  drop  in  total  pressure  appears  greater  the  higher  the 
hydraulic  and  gas-dynamic  losses  (in  shocks),  i.e.,  the  greater 
the  polytropic  exponent  of  the  process  of  compression  deviates  from 
the  adiabatic  curve.  The  hydraulic  and  gas-dynamic  perfection  of 
the  process  at  the  inlet  of  the  jet  engine,  as  is  known,  is  estimated 
by  the  coefficient  of  the  drop  in  total  rressure 


It  can  be  represented  in  the  form  of  the  product 


•  »# 

P  i  Pi 

Po 


Pi 


V  3* 
wen' 


•> 


(5.6) 


«  • 

where  p.  ■  p„:  c:  —  coefficient  of  losses  of  total  pressure  in 

X  B  X  B  X  H 

the  intake  system;  in  design  conditions  s’.  0,96 0,985;  0  u  “  the  same 

in  the  system  of  shocks  at  supersonic  flight;  -  coefficient  of 
losses  of  total  pressure  in  the  dynamic  process  of  compression 
( expansion) . 


‘Such  a  recording  is  conditional,  since  not  always  can  hydraulic 

# 

losses  (determined  byo^)  and  gas-dynamic  losses  (characterized  by 
o  )  be  separated  with  respect  to  elements  of  the  diffuser. 

C  K 
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Figure  5.1  gives  curves  of  the  change  in  parameters  of  gas 
(p,  T  and  a)  at  the  inlet  of  TRD  for  characteristic  regimes  of 
operation  of  the  air  intake;  when:  a)  V  =  0 ;  t  1  r  <  :  f 

5.3.  Operation  of  a  Standard  Subsonic  Diffuser 
at  Supersonic  Flight  Speeds 


With  the  flow  about  the  standard  subsonic  diffuser  by  supersonic 
flow,  in  front  of  the  air  inlet  a  curvilinear  shock  wave  (head 
wave)  appears  similar  to  that  which  occurs  with  the  flow  past  a 
blunt-nosed  body  or  cone  with  a  large  aperture  angle.  In  the  front 
part  of  the  diffuser  the  head  curvilinear  wave  (see  Fig.  5.1c)  is 
transformed  into  a  normal  shock  wave  the  intensity  and  position  of 
which  are  determined  by  the  MQ  of  flight  and  the  operating  regime 
of  the  engine  and  depend  on  the  configuration  of  the  diffuser. 

With  an  increase  in  number  of  flight,  the  losses  of  total 
pressure  in  a  normal  shock  increase  (Fig.  5.5,  curve  1). 

Fig.  5.5.  Change  in  gas-dynamic 
losses  in  the  system  of  shocks 
with  respect  to  number  of 

flight:  1,2,  3 ,  h  —  number  of 

shocks . 


<*CK 


Table  5.1  gives  coefficients  of  the  drop  in  total  pressure  ir. 

ft 

a  normal  shock  (onp)  depending  on  M0  number  of  flight. 

Table  5.1. 


Vo 

1.0 

1.5 

2.0 

2,5 

3.0 

3.5 

4.0 

4  ,5 

5.0 

|  • 
a 

1  r 

1,0 

0,93 

0,721 

0.499 

0.32S 

0.213 

0.139 

0.10 

0.07 
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With  an  increase  in  flight  speed  the  head  wave  all  the  more 
raove3  away  from  the  inlet  of  the  diffuser.  This  lowers  the  coefficient 
of  flow  and  increases  the  external  resistance  of  the  diffuser. 

It  is  characteristic  that  when  MQ  ■  1.3-1. 4  losses  in  the 
normal  shock  are  relatively  few  (o*„f  «0,96-r0,98).  However,  matter  not 
only  in  the  Intensity  of  shocks  -  the  appearing  shocks  cause  separation 
of  vortices  from  leading  edges  of  the  diffuser,  which  can  increase 
by  far  the  losses  of  total  pressure. 

To  prevent  separations  of  vortices  at  supersonic  flight  speeds 
the  leading  edge  of  the  diffuser  is  made  sharp,  the  angle  of  opening 
of  the  diffuser  is  made  small,  turns  of  the  flow  are  tried  to  be 
avoided.  One  should  keep  in  mind  that  diffusers  with  sharp  edges 
(Pig.  5.6)  operate  poorly  in  test  bench  conditions  and  also  with 
asymmetrical  flow  (at  large  angles  of  attack,  etc). 

Fig.  5.6.  Flow  of  air  intake 
with  sharp  inlet  edges. 


Considering  all  these  circumstances,  it  is  necessary  when 
Mq  >  1.4-1. 5  to  use  special  supersonic  duffusers. 

5.4.  Supersonic  Diffusers  (Design  Conditions) 

5.4.1.  Gas-Dynamic  Principles  of  the  Development 
of  Supersonic  Diffusers 

Gas-dynamic  principles  in  the  fulfillment  of  supersonic 
diffusers  are  reduced  to  effective  methods  of  multishock  (theoretically 
shockfree)  conversion  of  supersonic  flow  into  subsonic. 

The  replacement  of  one  normal  shock  by  a  system  of  shocks, 
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5.^.2.  Classification  of  Supersonic  Diffusers 

Depending  on  the  method  of  realization  of  supersonic  deceleration, 
supersonic  diffusers  (Fig.  5.8)  are  subdivided  into: 

a)  diffusers  with  external  compression.  Such  diffusers  consist 
of  an  external  cover  and  central  body  with  a  stepped  cone  (see 
Fig.  5.8a); 

b)  diffusers  with  internal  compression  (see  Fig.  5.8c); 

c)  diffusers  with  mixed  compression  (see  Fig.  5.8b). 


Fig.  5.8.  Diagrams  of  the 
formation  of  systems  of  shock 
waves:  a)  with  external  compression; 
b)  with  internal  compression. 


The  types  of  diffusers  given  above  are  made  in  a  round  or  box 
section.  In  them  it  is  possible  to  accomplish  the  so-called 
multishock  and  theoretically  stepless  (isentropic)  compression 
(Fig.  5.9a  and  5. 9b). 


Fig.  5-9.  Diagrams  of  diffusers 
with  isentropic  compression: 
a)  internal  compression;  b)  external 
compression. 
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If  in  a  diffuser  with  external  compression  supersonic  deceleration 
is  carried  out  on  a  stepped  cone  outside  the  di ffuser,  then  in  the 
air  intakes  with  internal  comp  re.  nr  Ion  fie  wh>  In  :;y::  of  *.  t .  r .  k ;  • 

is  disposed  inside  the  channel  of  the  diffuser,  and  iu  almost  is 
not  subjected  to  the  external  effect  of  circuinf lowing  flow. 

^.4.2.1.  Diffuser  with  Internal 
Compression . 

Figure  'j.10  shows  a  diagram  of  the  diffuser  with  internal 
compression.  Such  a  diffuser  is  the  profiled  channel  with  steady 
outlines,  which  is  reminiscent  of  the  lava*  no sale . 

An  ideal  diffuser  with  shoekfree  deceleration  of  flow  and  with 
the  absence  of  a  boundary  layer  operates  In  the  following  manner. 

In  the  convergent  (supersonic)  part  of  the  channel  t  lie  re  is 
deceleration  of  supersonic  flow  in  compression  waves  of  infinitesimal 
intensity  and  in  the  design  regime  in  the  smallest  section  of  the 
channel  r-r  called  the  "throat"  and  the  velocity  of  the  flow  reaches 
the  speed  of  sound.  Further,  in  the  expanding  (subsonic)  part 
of  the  diffuser  there  is  further  deceleration  of  the  already  subsonic 
flow. 


Thus,  an  ideal  diffuser  witn  internal  compression  operates  as 
an  inverted  Laval  nozzle;  flow  parameters  along  such  a  diffuser 
change  continuously.  Losses  of  complete  pressure  are  absent. 

In  a  real  diffuser  the  interaction  of  compression  waves  with 
an  accumulating  boundary  layer  leads  in  a  certain  section  the 
formation  of  a  closing  normal  or  A-shapcd  shook  even  to  the 
appearance  of  losses  of  complete  pressure. 

The  advantage  of  diffusers  with  internal  compression  is  their 
low  external  resistance. 
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Fig.  5-10.  Diagram  of  a  super¬ 
sonic  diffuser  with  internal 
compression:  a)  shockfree 
deceleration;  b)  deceleration 
with  a  shock  formation;  c) 
formation  of  "ejected"  wave. 


5.ij.2.2.  Axlsymmetrl cal  Diffuser 
with  a  Central  Body  and  External 
Comp resslon. 

One  of  the  widespread  schemes  of  supersonic  diffuser  is  the 
scheme  of  the  axisymmetrlcal  air  intake  with  the  central  body  and 
with  external  compression.  The  schematic  cross  section  of  such 
a  diffuser  is  shown  in  Fig.  5.11* 

The  diffuser  consists  of  an  external  conical  casing  and  central 
stepped  cone.  The  inlet  edge  of  the  casing  is  inclined  toward  the 
axis  of  symmetry  of  the  air  intake  at  a  certain  angle  6  -  the  so- 
called  angle  of  "undercutting". 
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external  jompression. 

The  number  of  the  steps  of  the  cone  and  angles  of  their  setting 
(6^,  30,  (3  , )  are  determined  by  the  quantity  anu  posit  ion  of  oblique 
shocks  in  the  design  conditions. 

The  diagram  shows  a  stepped  cone  with  four  shocks  (thr.e  nb. 1  quo 
sheens  +  closing  normal  shook)  . 

In  design  conditions  shocks  are  focused  on  the  leading  edge  of 
the  casing  (at  point  A).  The  channel  behind  the  closing  normal 
shock  is  made  in  the  form  of  a  Laval  ncu.iie.  Behind  the  critical 
section  of  the  nozzle  there  is  the  supersonic  zone,  which  is  finished 
by  a  normal  or  A-shaped  "attendant” 1  snook  wave,  behind  this  shock, 
up  to  the  entrance  into  the  compressor ,  the  flow  of  ga_  is  subsonic. 
With  a  change  in  counterpressure  at  the  exit  from  the  diffuser 
attendant  shock  is  moved  in  the  channel. 

5 . b .  Partial  Load  Conditions  of  the  operation 
of  a  oup erson ie  b i f f user 

Thus  far  we  have  examined  the  operation  of  supors<  eii  c  diffusers 
in  design  conditions  of  operation.  As  is  known,  in  this,  regime  the 
operation  of  the  diffuser  and  engine  of  the  Th'l>  is  completely 
consistent:  the  diffuser  operates  steady,  with  few  losses  and  the 

least  external  resistances;  productivity  of  the  diffuser  is  maximum  - 


[Translator's  Note:  This  term  in  Russian  literally  means  "duty" 
and  is  used  in  abstract  form]. 
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the  coefficient  of  flow  is  equal  to  1;  if  in  this  case  the  throat 
of  the  diffuser  is  selected  at  the  optimum,  then  in  its  critical 
section  the  velocity  of  flow  is  equal  to  the  speed  of  sound. 

However,  in  operation  the  supersonic  diffuser  operates  over  a  wide 
range  of  partial  load  conditions:  at  various  MQ  numbers  and  flight 
altitudes,  under  various  atmospheric  conditions,  and  at  various 
revolutions  of  the  engine. 

Partial  load  conditions  of  operation  of  the  diffuser  are 
characterised  by  several  specific  gas-dynamic  phenomena,  to  which 
belong : 

1)  the  change  and  destruction  of  the  calculated  system  of 
shocks ; 

2)  ejection  of  head  wave  at  inlet  of  the  diffuser; 

3)  spreading  of  inlet  Jet  at  supersonic  flight  speeds; 

4)  unstable  operation  (surging)  of  the  diffuser; 

5)  appearance  of  subcritical  and  supercritical  regimes. 

5.5.1.  Change  in  the  Angle  of  Slope  of  Shocks  of 
the  Diffuser  with  External  Compression 

With  deviation  of  the  number  of  flight  from  calculated  value 
the  slope  of  oblique  shocks  of  the  diffuser  with  external  compression 
changes.  Now  they  are  no  longer  focused  on  the  leading  edge  of  the 
conical  casing  (Fig.  5.12). 

With  a  decrease  in  the  Mq  number  of  angles  of  slope  of  the 
shocks  Increase,  the  shocks  will  move  away  from  the  leading  edge 
of  the  diffuser. 

With  an  Increase  in  the  MQ  angles  number  of  slope  of  shocks 
are  decreased,  and  the  shocks  now  partially  enter  into  the  diffusion 
channel . 
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Pig.  5.12.  Effect  of  Mq  number 

of  flight  at  angles  of  slope  of 
shocks . 


5.5.2.  Ejection  of  the  Head  Wave 

In  diffusers  of  all  types  in  definite  regimes  of  operation,  when 
the  carrying  capacity  of  the  throat  appears  insufficient  and  it 
cannot  pass  all  the  air  entering  into  the  inlet  channel,  in  front 
of  the  inlet  in  the  diffuser  the  so-called  "ejected"  head  wave 
is  generated  (Pig.  5*13)*  Such  a  wave  can  either  partially  or 
completely  destroy  the  rated  system  of  shocks  appearing  at  the 
diffuser  with  external  compression. 

Pig.  5.13.  Effect  of  the  ejected 
head  wave  on  the  system  of  shocks. 


The  appearance  of  an  ejected  wave  is  an  undesirable  phenomenon, 
since  it  increases  losses  in  total  pressure  and  external  resistance 
of  the  diffuser,  decreases  the  flow  of  gas  through  the  diffuser 
(as  a  result  of  the  "spreading"  of  the  inlet  jet). 

In  the  presence  of  an  ejected  head  wave,  a  decrease  in  the 
flow  of  air  usually  leads  to  the  appearance  of  surging. 

5.5.3-  Spreading  of  the  Inlet  Jet  In 
Partial  Load  Conditions 

Let  us  examine  the  operation  of  a  diffuser  with  internal 
compression.  In  the  design  supersonic  regime  the  area  of  the  cross 
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section  of  the  inlet  jet  in  accuracy  is  equal  to  the  area  of  the 
inlet  of  the  diffuser,  i.e., 


/*  /.i  and  f 

/•I 

In  partial  load  conditions  of  the  diffuser  (see  Fig.  5.10c) 
with  the  appearance  before  it  of  a  head  (or  ejected)  wave  the  inlet 
jet  with  section  /  no  longer  can  completely  enter  inside  the 
diffuser.  The  phenomenon  of  spreading  (division)  of  the  jet  will 
begin:  its  internal  part  with  section  /  <  /  will  flow  into  the 

diffuser;  its  external  part  (with  section  f  -f  will  floa  around 

B  X  H 

the  casing  of  the  intake. 

A  similar  phenomenon  takes  place  in  the  operation  of  a  muitipie- 
snock  diffuser  with  external  compression.  In  design  conditions  cf 
flight  oblique  shocks,  which  appear  with  flow  around  cf  the  steppea 
cone,  are  focused  on  the  leading  edge  of  the  casing  (see  Fig.  5.11); 
in  this  case  f  •  f  and  <$  *  1. 

In  partial  load  conditions  (with  an  increase  in  the  angle  of 
slope  of  oblique  shocks  on  reduced  MQ  numbers  with  the  appearance 
in  front  of  the  diffuser  of  the  ejected  wave,  with  the  advance  from 
the  diffuser  cf  adjustable  stepped  cone)  we  have  f  <  f  ,  and, 
consequently,  <$<1.0  (see  further  Fig.  5.15a,  b). 

Thus,  with  the  spreading  of  the  jet  the  carrying  capacity  of 
the  diffuser,  and,  consequently,  and  available  flow  of  gas  through 
the  diffuser,  are  decreased;  the  coefficient  of  flow  becomes  less 
than  1. 


The  reason  of  the  spreading  of  the  Jet  is  the  bend  of  lines  cf 
flow  in  the  supersonic  flow  behind  the  oblique  shocks  and  in  the 
subsonic  flow  behind  the  head  wave.  In  the  case  of  an  uncontrollable 
diffuser  (in  the  absence  of  ejected  waves)  each  number  M  >  1.0 
corresponds  to  the  single  yalue  <$. 

At  subsonic  flight  speeds  the  fficient  of  flow  cf  the 
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subsonic  diffuser  can  also  be  less  than  1.  However,  in  contrast  to 
supersonic  flow,  each  value  of  the  subsonic  MQ  number  corresponds, 
depending  on  the  regime  of  the  engine,  to  various  values  1 ;  the 
greater  the  number  of  revolutions  of  the  engine  and  greater  q(.\  )  , 

the  greater  f  and,  consequently,  $ .  Concordance  of  the  necessary  flow 
of  the  engine  and  available  flow  of  air  intake  occurs  automatically. 

5. 5- 3.1-  Effect  of  Spreading  of 
the  Jet  on  Thrust  of  the  Engine. 

The  phenomenon  of  spreading  of  the  jet  is  an  unconditionally 
harmful  phenomenon,  since  it,  first,  decreases  the  thrust  of  the 
poner  unit  due  to  an  increase  in  the  flow  of  air  arid,  secondly, 
increases  the  wave  resistance  of  the  diffuser  (and,  consequently, 
the  resistance  of  the  nacelle  of  the  engine).  Ultimately  the  effective 
thrust  of  the  engine  can  be  considerably  reduced. 

When  the  diffuser  is  not  controllable,  and  the  engine  operates 

with  a  constant  number  of  revolutions,  the  coefficient  of  flow 

depends  only  on  correlation  of  the  rated  number  of  the  diffuser 

M  /  x  and  Mn  numbers  of  flight.  The  higher  M  ,  ,  the  less  Mrt,  the 
flip}  0  °  °  flip)  0 

less  4). 

Figure  5.14  shows  the  effect  of  M  ,  ,  on  the  coefficient  of 

fl  l  p  t 

flow  and  additional  wave  resistance  of  the  diffuser  when  M,  =  1.0. 

For  M  /  \  =  4 . 5  we  find  4  =  0.22  and  X  /R  =  0.4  (i.e.,  tne  wave 
flip)  flon  1 

resistance  of  the  diffuser  is  40$  of  the  internal  thrust). 


inlet  jet  at  supersonic  flight  speeds 
on:  a)  decrease  in  the  flow  of  air 
through  the  engine;  b)  additional 
wave  resistance  of  the  diffuser. 
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5.5.4.  Concept  on  the  Starting  of  the 
Uncontrollable  Diffuser 

The  starting  of  the  diffuser  is  called  the  process  of  putting 
the  diffuser  into  rated  conditions  of  operation. 

To  clarify  the  peculiarities  of  starting  of  a  supersonic  diffuser 
let  us  examine  the  flow  in  the  diffuser  with  internal  compression  in 
design  conditions  (see  Fig.  5.10a). 


Let  us  formulate  the  equation  of  flow  for  sections  in  the 
undisturbed  flow  (h-h)  and  the  throat  of  the  diffuser  (r-r). 


We  obtain 


whence  we  find 


tn  — — n  /„?  (K) = m  (M. 


VK 


VK 


(5.7) 


t<K) 


ft  /, 


(5.8) 


/■  /•*  f»  ? 

where  ~f  —  relative  area  of  the  throat; 

r  J%X 

-  coefficient  of  flow; 

c*  - coefficient  of  drop  in  total  pressure  on  the  section  from 

n,r  • 

Ph  the  undisturbed  section  to  the  throat  of  the  diffuser. 


Then 


7  ?<*»■> 

/r 


(5.9) 


Let  us  find  J  for  $  =  1  and  <?(Xr)  *  1  (case  of  the  "optimum" 
throat) . 


We  have 


(5.10) 
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In  the  particular  case  of  the  isentopic  diffuser  (a  =  1),  we 

H  > r 

find  that 

7r -?(*»)•  ■:'■•.!] ) 

Consequently,  in  the  supersonic  region  of  flight  with  an  Increase 
in  number  of  flight  [and,  consequent ly ,  with  a  decrease  in  q (A  )] 
the  necessary  relative  area  of  the  optimum  throat  is  continuously 
decreased.  The  obtained  result  has  a  simple  physical  meaning:  the 
greater  the  flight  speed,  and,  consequently,  the  more  the  dynamic 
compression  ratio,  the  greater  the  density  of  air  and  the  less  the 
passage  section  of  the  throat  necessary  for  passing  the  assigned 
mass  of  the  working  medium. 

Let  us  assume  that  for  the  assigneu  rated  M  ; . ur  r- •  :■  V  f  i  Vnt. 
the  geometry  of  the  diffuser  with  an  optimum  throat  is  calculated. 

With  a  decrease  in  the  Mq  number  (>  1.0)  the  necessary  relative  area 
of  the  throat,  according  to  equation  (5.11),  continuously  increases. 

Now  on  reduced  numbers  MQ  <  Mg(p)  tiie  throat  of  the  diffuser  proves 
to  be  already  "supercompressed" ,  and  it  less  than  the  optimum  arid 
no  longer  in  a  state  to  pass  the  whole  mass  of  air  inflowing  to  its 
inlet  section. 

The  noted  contradiction  is  solved  by  means  ol'  bne  appearance 
in  front  of  the  intake  the  "ejected"  head  wave  (see  Fig.  5.10c). 

Since  behind  the  head  wave  subsonic  flow  is  established,  and  with 
the  deceleration  of  which  the  line  of  flow  is  disperseu,  then 
now  <p  <  1,  and  equality  (5.9)  is  satisfied  when  J(\  )  -  i  and  f  = 

I  *  f 

const  because  with  the  increase  In  ^(A^)  $  decreases  w!:e:.  </(l»)f/«’ir  const. 

Physically  this  means  that  throat  now  passes  the  whole  mass  of 
air  entering  through  the  inlet  section,  since  the  inflow  of  air  to 
diffuser  is  decreased,  (see  Fig.  5.10c). 

II  .  ow  we  increase  the  Mq  number  of  flight  up  to  its  rated  value 
then  although  the  head  wave  approaches  toward  the  inlet  of  the 
diffuser  it  does  not  disappear  entirely,  and,  thus  the  design  scheme 
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>.  f  the  diffuser  will  not  be  restored  -  the  diffuser  will  not  be 
started.  To  start  the  uncontrollable  diffuser,  the  Mq  number  of 
flight  over  its  rated  value  must  be  increased.  This  phenomenon  is 
called  "hysteresis".  It  is  natural  that  such  a  method  of  starting 
of  the  diffuser  is  not  always  possible  and  convenient. 


For  the  starting  of  a  multishock  supersonic  diffuser  with 
external  compression,  it  is  necessary  with  the  appearance  of  a 
head  wave,  for  example,  to  bring  forward  the  stepped  cone,  and  with 
its  help  transform  the  head  wave  into  a  system  of  oblique  shocks, 
a:.u  then  move  the  cone  inside  the  casing  (Fig.  5.15). 


Fig.  5.15.  Explanation  of  methods 
of  starting  of  the  diffuser:  a) 
starting  of  an  uncontrollable 
diffuser  ["ejection"  of  head  wave 
(Mq  <  M  )];  b)  starting  with  the 

help  of  movement  of  the  cone. 


The  starting  of  the  diffuser  with  internal  compression  can  be 
accomplished  by  means  of  adjustment  of  the  area  of  the  throat 
("overexpansion"  of  the  throat)  with  the  help  of  flexible  elements 
and  also  by  means  of  the  use  of  perforated  walls. 


5.5-5.  Surging  of  a  Supersonic  Diffuser 

Let  us  examine  the  unstable  operation  (surging)  of  a  multishock 
supersonic  diffuser  with  a  central  body.  The  reason  for  the 
appearance  of  surging  of  a  supersonic  diffuser  mostly  is  the 
seoaration  of  the  boundary  layer  from  the  surface  of  the  stepped  cone 
oehind  the  head  wave. 


One  of  the  schemes  of  the  appearance  of  surging  Is  the  following 
(Fig.  5.16).  After  the  head  wave  there  is  separation  of  the 
boundary  layer.  The  appeared  zone  (area)  of  separation  with  intensive 
turbulences  decreases  the  effective  throat  area  (see  Fig.  5.16a). 

Hate  of  air  flow  is  additionally  lowered,  which,  in  turn,  leads  to 
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b) 


Fig.  5.16.  Explanation  of  the 
scheme  of  the  appearance  of  surging 
of  a  diffuser. 


an  even  greater  shifting  of  the  head  wave  in  the  nose  part  of  the 
cone  and  to  an  increase  in  its  intensity. 

however,  with  the  approach  of  the  head  wave  to  the  vertex  of 
the  cone  (see  Fig.  5.16b)  the  thickness  of  the  boundary  layer,  'e 
decreased  and  the  danger  of  separation  of  it  from  the  surface  of 
the  cone  is  reduced.  Now  this  circumstance  increases  the  flow  of 
air  through  the  throat  and  decreases  losses  of  total  pressure.  As 
a  result  the  head  wave  begins  to  move  back  toward  the  throat.  Then 
the  cycle  is  continuously  repeated. 

The  periodic  oscillating  process  of  motion  of  the  head  wave, 
which  is  accompanied  by  periodic  flow  separation  and  pulsation 
in  the  air  feed,  is  called  surging  of  the  diffuser. 

5 . G .  Characteristics  of  Supersonic  Diffusers 
5.6.1.  Definition 

Characteristics  of  the  supersonic  diffuser  are  dependences  of 
parameters  characterizing  the  effectiveness  of  diffusers  -  namely 
coefficients  of  flow,  of  drag  and  drop  in  total  pressure,  -  on 
regime  parameters  of  the  diffuser  (speed  and  altitude  of  flight, 
external  atmospheric  conditions,  number  of  revolutions  of  the  engine, 
position  of  control  elements). 

Accordingly,  throttle  and  altitude  and  high-speed  characteristic 
of  the  supersonic  diffuser,  are  distinguished. 
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Subsequently,  we  will  examine  only  characteristics  of 
uncontrollable  ilifTuaers. 


5.6.2.  Throttle  Characteristics  of  the  Diffuser 


Throttle  characteristics  of  the  diffuser  are  dependences  of 

# 

parameters  of  effectiveness  of  the  diffuser  (c  ,  <p  and  a  )  on  the 


n  x 

given  number  of  revolutions  of  the  engine  or  given  rate  of  air  flow 


through  the  diffuser  at  a  constant  MQ  number  of  flight. 


Figure  5.17  shows  the  throttle  characteristic  of  an  uncontrollable 
diffuser  with  external  compression  (Fig.  5.18). 


Fig.  5.18.  Diagram  of  flow  in 
the  diffuser  with  respect  to  the 
throttle  characteristic:  a) 
supercritical  regime;  b)  critical 
regime;  c)  subcritical  regime. 


Let  us  assume  that  a  certain  number  of  revolutions  of  the  TRD 
(see  Fig.  5.17)  corresponds  to  the  "critical"  regime  of  operation 
of  the  diffuser,  at  which  the  whole  flow  In  the  channel  after  the 
normal  closing  shock  (before  the  throat  and  after  it)  appears  subsonic 
(.see  Fig.  5.18b).  In  the  throat  of  the  diffuser  the  velocity  of 
flow  is  equal  to  the  sound  speed. 

With  an  increase  in  the  numbers  of  revolutions  over  the 
critical,  the  counterpressure  at  the  exit  from  the  diffusion  channel 
is  lowered.  The  pressure  droo  leads  to  acceleration  of  flow  up  to 


1 


Mfl=const 


Fig.  5.17.  Throttle  characteristics  of  the 
diffuser. 
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supersonic  values  of  velocity  with  the  formation  of  a  formal  or 
A-shaped  shock  in  the  expanding  part  of  the  diffuser.  A  further 
increase  in  the  number  of  revolutions  of  the  engine  leads  to  shifting 
of  the  barrier  (attendant)  shock  in  the  channel  downward  along  the 
flow,  and  also  to  an  increase  in  its  intensity  (see  Fig.  5.18a). 

At  a  certain  maximum  number  of  revolutions  n ^  (see  Fig.  5.17) 
there  approaches  separation  of  flow  after  the  barrier  shock  —  a 
special  form  of  unstable  operation  of  tne  diffuser,  the  so-called 
"buzz"  [Tra;  J  ator  '  s  Note:  only  translation  found  for  this  term] 
appears.  Auto-oscillations  of  flow,  which  appear  in  this  case,  are 
characterized  by  increased  frequency  and  reduced  amplitude. 

Regimes  of  operation  of  the  diffuser,  which  are  characterized 

by  the  presence  of  a  barrier  shock  (i.e.,  supersonic  zone  behind  the 

throat)  in  the  diffuser  are  called  "supercritical".  Supercritical 

regimes  are  distinguished  by  the  constancy  of  coefficients  of 

flow  (<(>  =  1)  and  drag  a  =  o  .  =  const.  Since  with  an  increase 

x  x  Inin  ^ 

in  n  losses  in  the  normal  shock  increase,  then  is  continuously 
decreased. 


^ t  us  lower  now  the  number  of  revolutions  of  the  engine  shown 

to  values  less  than  the  critical.  An  increase  in  the  counterpressure 

at  the  exit  from  the  diffuser  leads  to  the  fact  that  in  front  of 

the  diffuser  an  ejected  head  wave  is  generated.  With  a  lowering  of 

the  number  of  revolutions  the  head  wave  will  move  away  from  inlet 

of  the  diffuser,  its  intensity  will  grow,  and  me  spreading  of  the 

inlet  stream  will  increase.  As  a  result  the  e  ''cient  of  flow 

will  be  continuously  lowered  (<f>  <  1.0),  and  a  grow.  Intensive 

*  •r 
drop  in  will  begin  when  the  head  wave  outgo!:  from  the  casing 

will  destroy  the  system  of  shocks  (see  Fig.  5.18c). 

At  a  certain  minimum  number  of  revolutions  n ^  (see  Fig.  5.17) 
there  will  begin  surging  of  the  diffuser.  Its  appearance  is  connected 
with  the  separation  of  flow,  which  advances  after  the  ejected  head 
wave,  and  with  the  oscillating  process  of  the  shifting  of  the  head 
wave,  especially  on  the  stepr<-  !  cone  of  the  diffuser. 
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Operating  regimes  of  the  diffuser,  which  are  characterized  by 
the  formation  of  the  ejected  head  wave  at  the  inlet  of  the  diffuser 
(in  the  absence  of  a  supersonic  zone  in  the  channel)  are  called 
"subcritical" . 

5.6.3.  High-Speed  Characteristics  of  the  Diffuser 
High-speed  characteristics  of  the  diffuser  are  dependences  of 

ft 

parameters  of  effectiveness  of  the  diffuser  (0  ,  <t>  and  a^)  with  the 
flight  Mq  number  at  a  constant  number  of  revolutions  of  the  TRD. 

Figure  5.19  gives  the  high-speed  characteristic  of  a  supersonic 
uncontrollable  diffuser  with  external  compression.  Point  1  of  the 
characteristic  corresponds  to  the  rated  Mq  number  of  the  diffuser 
at  which  the  normal  shocks  are  focused  on  the  leading  edge  of  the 
casing  (<f>  =  1).  Let  us  assume  that  the  process  of  operation  of  the 
diffuser  is  supercritical  (see  Fig.  5.18a). 

With  an  increase  in  the  number  (Mn  >  M  )  angles  of  slope 

U  0  p  « ,Q  • 

of  the  normal  shocks  will  be  continuously  decreased,  and  the  latter 
will  enter  inside  the  diffuser  (Fig.  5.20a);  simultaneously,  as  a 
result  of  the  increase  in  counterpressure  at  the  exit  from  the 
diffuser,  which  will  begin  with  the  lowering  of  the  given  number  of 
revolutions,  the  attendant  shock  will  begin  to  move  in  the  direction 
of  the  throat.  On  the  section  of  characteristic  1-4  (see  Fig.  5.19), 

on  which  the  super-critical  regime  of  operation  of  the  diffuser  is 

<  * 

preserved,  we  have  <fi  =  1  and  <>u.«con:d:  however,  coefficient 

will  sharply  drop  from  due  to  the  increase  in  Intensity  of  oblique 

shocks . 

At  point  4  the  regime  of  operation  of  the  diffuser  becomes 
critical  (see  Fig.  5.20b)  (when  the  attendant  shock  reaches  the 
throat  of  the  diffuser)  and  on  section  4-5  of  the  characteristic 
(see  Fig.  5.19)  —  already  subcritical.  Now  in  front  of  the  diffuser 

the  head  wave  appears  ejected  (see  Fig.  5.20c),  which  even  more 

* 

lowers  a  ,  decreases  <J>(<1.0)  and  increases  a  .  Finally,  at  a  certain 
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Pig.  5.20.  Diagram  of  flew  in 
a  diffuser  at  Mq  numbers  greater 

than  the  calculated:  a)  super¬ 
critical  regime;  o)  critical 
regime;  c)  suboricioal  regime. 


Mq  number  of  flight  surging  approaches  (point  5  in  Pig.  5.19)  due 
to  separation  of  flow  after  the  ejected  head  wave. 


The  lowering  of  Mn  numbers  lower  than  the  rated  value  (M„  <  M 

U  U  p » 

maintains  the  process  of  operation  of  the  diffuser  supercritical 
(Fig.  5.21)  since  with  a  growth  in  n np  counterpressure  after  the 
diffuser  continuously  drops.  However  disruption  of  the  rated 
diagram  of  oblique  shocks,  which  move  away  from  the  leading  edge 
of  the  casing  (see  Fig.  5.2ib),  sharply  decreases  4>  and  increases 
a  (section  of  the  characteristic  1-2  on  Fig.  5.19).  At  a  certain 
Mq  number  of  flight  (point  2)  throat  the  overexpanded  for  the  rated 
regime  becomes  optimum  (M  <  M  ).  With  a  further  reduction 

in  Mq  number  of  flight  at  the  inlet  of  the  diffuser,  there  is 
already  generated  an  ejected  bow  wave,  (see  Fig.  5.21c),  which 
intensifies  the  drop  <£  and  growth  a  (section  2-3  in  Fig.  5.19). 

ft  X 

Coefficient  with  the  lowering  of  Mq  number  of  flight  continuously 
increases.  At  point  3  the  separation  of  flow  after  the  intensive 
attendant  shock  wave  leads  to  the  appearance  of  "ouzz". 
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Fig.  5.21.  Diagram  of  flow  in  a 
diffuser  at  Mq  numbers  less  than 

the  calculated:  a)  design 
conditions  (Mn  -  M  );  b)  <  M 

0  p.fl.*  0  p.fl. 

(throat  is  more  than  the  calculated); 

c)  M <<  M  (throat  13  loss  than 

0  p .  a  • 

the  calculated). 


5.7.  Joint  Operation  of  the  Supersonic 
Diffuser  and  Compressor 

In  the  "aircraft-engine"  system  the  supersonic  diffuser  and 
compressor  operate  together.  This  means  that  the  necessary  rate 
of  air  flow  through  the  compressor  must  be  equal  to  the  available 
air  flow  through  the  diffuser  in  all  regimes  of  operation 
of  the  power  system  at  all  values  of  M  and  n. 

H 

Concordance  of  the  operation  of  the  supersonic  diffuser  and 
compressor  is  produced  either  automatically  or  by  forced  means  with 
the  help  of  control  elements. 

Let  us  examine  the  Joint  operation  of  the  uncontrollable  diffuser 
and  compressor  on  Mh  less  than  the  calculated. 

When  n  ■  const  with  a  decrease  in  the  M  of  flight  n  grows. 

h  np 

Consequently,  the  regime  point  of  the  compressor  moves  along  the 
line  of  the  working  regimes  from  A  and  B  (Fig.  5.22b),  and  the 
coefficient  of  flow  <7 ( X ^ )  grows. 


I 


Fig.  5.22.  Analysis  of  Joint 
operation  of  the  compressur  and 
super1:; o n  1  a  d i  f  f us e r . 


Let  us  write  the  equation  of  flow  for  sections  h-h  and  1-1  of 
the  compressor. 


we  obtain 

•  • 

'»  ~r  Lf(h^'»~r  /,</(*,'•  i 

V  1  rj  .  | 

Whence  by  introducing  the  substitution 

and  /„-/>. 


we  obtain 


Jjl  V(Xh>  (5.12) 

/ 1 

From  expression  (5.12)  it  follows  that  with  a  decrease  in  the 
M  number  [or  q{\  )]  the  available  value  q(A,)  of  the  diffuser  must 
be  reduced  (see  Fig.  5.22a). 

Thus,  at  subsonic  flight  speeds,  with  a  decrease  in  X  the 
necessary  flow  of  air  through  the  compressor  and  available  flow  of 
air  through  the  diffuser  change  in  opposite  directions.  At  low 
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f..ii;h:  3p?eds  and  on  the  te3t  stand,  the  diffuser  is  net  in  a  state 
to  pass  the  entire  flow  of  air  required  by  the  engine.  To  provide 
the  condition 


<3,-1  {?„ 

the  diffuser  there  is  reconstruction  of  the  flow:  trie  attendant 

.•n  ck  is  displaced  deep  into  the  diffuser,  and  its  intensity  grows 

# 

i.e.,  c  „  drops).  As  a  result  of  the  decrease  in  the  air  density, 
tne  vf'i;  ty  the  air  in  front  of  the  comer  esscr  increases,  and 
rates  of  air  flow  automatically  conform. 

The  spreading  of  the  Jet  (i.e.,  drop  in  <t ) ,  with  a  decrease 
!n  tne  M  number,  even  more  amplifies  the  intensity  cf  the  attendant 

let  us  now  examine  the  Joint  operation  of  the  diffuser  and 
compressor  with  a  decrease  in  the  number  of  revolutions  of  the 
engine.  With  a  decrease  in  n  tne  necessary  flew  of  compressor 
is  lowered:  the  available  flow  of  the  diffuser  when  \  *  const 

’  H 

remains  constant.  Concordance  of  regimes  of  operation  of  the 
a  ■'imp  res?  or  and  diffuser  is  provided  by  means  of  a  decrease  in  the 
intensity  of  the  attendant  shock  and  moving  of  it  in  the  direction 

jf  tne  throat  of  the  diffuser,  i.e.,  because  of  the  growth  in 

* 

o  ;  in  this  case  up  to  the  definite  limit  d  =  const. 

5.8.  Adjustment  of  the  Supersonic  Diffuser  cf  the  TRD 

Assignment  control  of  the  supersonic  air  intake  of  the  TRD 
vrig.  5.23)  is  the  concordance  of  carrying  capacities  of  the 
jiff user  (zone  of  shocks  and  throat)  and  compressor  In  the  system  of 
the  engine  for  the  purpose  of  providing  steady  surge-free  operation 
of  the  intakeand  improvement  of  its  operational  characteristics. 

.'he  latter,  as  we  already  saw,  can  be  achieved  by  means  of  lowering 
the  internal  losses  and  external  resistance. 

There  is  a  large  number  of  various  method  of  controlling  super¬ 
sonic  diffusers.  The  basic  or...-  are  the  following  methods:  movemen 
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o) 


n 


Fig.  'j.J Methods  uf  controlling  the 
supersonic  diffuser:  a)  axial  movement 
of  the  stepped  cone;  b)  deviation  in  the 
Inlet  edge  of  the  conical  casing;  c) 
discharge  of  air  outside;  u)  intake  of 
air  inside  the  diffuser;  e)  axial  move¬ 
ment  of  the  conical  casing;  f)  adjustment 
of  critical  section  of  diffuser. 


uf  the  inner  body  (conic  needle)  of  the  multishock  diffuser  in  an 
axial  direction;  change  in  area  of  the  "throat"  of  the  diffuser, 
for  example,  by  means  of  the  movement  of  a  special  insert  or  the 
use  of  flexible  elements;  bypass  of  the  air  (with  the  help  of  valves 
shutters  or  perforations)  from  the  channel  of  the  diffuser  into 
the  external  medium;  additional  supply  (suction)  of  air  from  the 
external  medium  into  the  main  cavity  of  the  diffuser;  change  in 
angles  of  slope  of  the  leading  edge  of  the  conical  casing  or 
generatrix  of  the  central  body;  suction  or  blowing  away  (bleed) 
of  the  boundary  layer  from  the  central  body  and  wall  of  the  diffuser 

Let  us  examine  the  physical  principles  of  separate  methods  of 
control,  and  also  let  us  determine  in  which  partial  load  conditions 
and  in  what  manner  should  one  control  supersonic  diffuser. 

b.8.1.  Movement  of  the  Central  Body  of  the  Diffuser 

At  the  assigned  Mq  number  flight  on  the  stepped  cone  of  the 
central  boay  a  definite  system  of  shocks  is  established.  With 
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advancement  of  the  central  body  from  the  diffuser,  shocks,  not 
changing  their  angle  of  slope,  will  move  away  from  the  leading 
edge  of  the  conical  casing,  as  a  result  of  which  spreading  of  the 
iniet  Jet  increases,  and  the  coefficient  of  flow  and  carrying  capacity 
of  the  aif fuser  are  lowered;  and  on  the  other  hand  with  advancement 
on  the  central  body  inside  the  diffuser  shocks  approach  to  the 
leading  edge  of  the  conical  casing  -  spreading  of  the  Jet  is 
lowered,  and  the  coefficient  of  flow  and  carrying  capacity  of  the 
diffuser  increase. 

us  note  that  control  of  the  rate  of  air  flow  through  the 
.iiffuser  with  the  help  of  axial  movement  of  the  central  bouy  is 
effective  only  when  a  change  in  the  flew  passage  section  of  the 
throat  cf  the  diffuser  is  carried  out  simultaneously.  The  latter 
is  achieved  by  corresponding  shaping  of  the  internal  surface  of  the 
conical  casing. 

Let  us  now  examine  how  the  position  of  the  central  fccay  in 

various  conditions  of  operation  must  be  controlled.  With  an  Increase 

in  the  given  number  of  revolutions  n  las  a  result  an  increase  in 

np 

the  physical  revolutions,  lowering  of  MQ  number  of  flight,  increase 
in  altitude  of  flight,  lowering  of  external  temperature)  productivity 
of  the  compressor  grows.  For  a  corresponding  increase  in  the 
productivity  of  the  diffuser,  it  is  necessary  to  move  the  conic 
needle  inside  the  diffuser.  Conversely,  with  a  decrease  in  «n 
it  is  necessary  to  move  the  conic  needle  away  from  the  diffuser. 

5.8.2.  Control  cf  the  Diffuser  by  Air  Bypass 

A  deficiency  in  the  control  of  the  diffuser  with  the  help  of 
axial  movement  of  the  stepped  cone  is  a  considerable  design 
complexity  of  such  a  diffuser.  Therefore,  on  many  military  supersonic 
aircraft  of  the  USA  (F-105,  F-lOb)  there  is  used  the  simpler  bypass 
of  air  from  the  air  inlet,  frequently  in  combination  with  the  bleed 
of  the  boundary  layer  from  the  surface  of  the  fuselage. 


Ill 


When  the  productivity  of  the  diffuser  should  be  increased 
(takeoff  regime,  climbing,  lowering  of  M(^  number,  reduction  of  T  ) 
f  external  air  into  the  bay  I  ■  •  ehanr.*-'!  i.f  the  d!  r by 
passing  Its  throat  must  be  pr,viucu.  When  It  is  nee  ss.nry  to  n 

tiie  productivity  of  the  diffuser  (increasing  ana  1 1( ,  x  o.vetd  :ig 
f  ii )  Jis JU'iaJV-  part  of  the  air  from  the  diffuser  Jnt.:  *  !,e  ext  rn.ni 
medium  must  be  provided. 

5.8.3-  Control  of  the  Supersonic  Diffuser  on  7'tr:e. ft 

On  takeoff  the  throat  area  of  the  supersoni  :  diffuser,  as  a 
rule ,  appears  insufficient  due  to  low  air  density.  The  position 
is  aggravated  by  the  fact  that  with  the  flowing  around  of  sharp 
edges  of  the  concial  casing  there  appear  separations  of  flow,  which 
must  ;•  the  additional  drop  in  total  pressure,  and,  consequent  !,v , 
productivity  of  the  diffuser. 

Tor  concordance  of  the  operation  of  the  diffuser  and  engine, 
removal  of  the  phenomenon  of  "buzz"  and  providing  the  necessary 
takeoff  thrust,  it  is  necessary  to  remove  the  stepped  cone  completely 
inside  the  diffuser,  and,  furthermore,  open  the  inlet  ports  for 
the  purpose  of  the  additional  supply  of  external  air  into  the  engine. 

5.8.^.  Control  of  the  Supersonic  Diffuser  of  the 
Turbojet  Engine  (Olympus)  593  Installed  on 
the  Aircraft  "Concorde". 

Figure  5.24  and  5.25  schematically  shows  the  system  of  control 
of  the  supersonic  diffuser  of  the  TRD  "Olympus"  593  installed  on 
the  aircraft  "Concorde". 

The  diffuser  is  the  channel  of  rectangular  section  with 
variable  geometry.  Control  of  the  throat  of  the  channel  is  provided 
by  means  changes  in  the  angle  between  the  two  inclined  planes  - 
flexible  elements  of  the  upper  surface  of  the  diffuser  -  with  the 
help  of  two  hinged  suspensions  (see  Fig.  5.24).  With  rectification 
of  the  inclined  planes,  the  area  of  section  of  the  throat  /  increases 
(subsonic  flight  regime). 
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Fig.  5.24.  Diagram  of  control  of  the  intake  of 
the  TRD  Bristol-Siddley  "Olympus"  593  installed 
on  the  aircraft  "Concorde":  a)  "takeoff"  position; 
b)  "supersonic  flight"  position. 


t 


Fig.  5.25.  System  of  control 
of  the  diffuser  of  the  TRD 
Bristol-Siddley  "Olympus"  593: 
1  -  regulator;  2  -  flexible 
panels;  3  -  by  valve  pass; 

4  -  regulator. 


With  formation  of  an  obtuse  angle  between  the  planes,  the  area 
of  the  critical  section  of  the  diffuser  is  decreased  (supersonic 
f'.!ght  '-onditi  0"?  > .  In  rated  supersonic  flight  conditions  (M  ■  2.2) 

K  p 

a  system  of  two  oblique  and  one  closing  normal  shocks  is  established. 

The  air  Intake  of  the  engine  has  a  channel  for  the  bleed  (suction) 
of  the  boundary  layer  with  lower  surface  of  the  wing,  and  also  two 
adjusting  shutters  of  air  bypass;  on  takeoff  and  in  a  subsonic  flight 
regime  an  additional  air  feed  inside  the  channel  of  the  diffuser 
Is  carried  out.  In  supersonic  flight  conditions,  with  the  help 
of  these  shutters,  the  surplus  quantity  of  air  is  discharged  into 
external  medium. 
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CHAP  T  E  H  6 


COMBUSTION  CHAMBERS  OP  THE  JET  ENGINE 
0.1.  Assignment  of  Combustion  Chambers 

Combustion  chambers  arc  the  most  important  element  of  any  Jot 
or.giiie.  Iri  them  the  process  of  heat  feed  to  the  worthing  medium, 
without  which  it  is  impossible  to  realize  the  thermodynamic  cycle 
of  an  aircraft  engine  Is  accomplished.  This  process  is  carried  out 
as  a  result  of  the  occurrence  of  reactions  of  fuel  combustion; 
the  thermochemical  energy  freed  in  them  is  expended  for  the  Increase 
in  the  enthalpy  of  the  working  medium  (mixture  of  air  and  products 
of  combustion )  at  a  high  has  temperature. 

The  process  of  fuel  combustion  is  a  very  complex  physicochemical 
process,  the  effectiveness  of  which  affects  the  economy  of  the  engine 
(determining  factor  —  completeness  of  combustion )  and  its  reliability 
(determining  factor  -  stability  of  combustion  in  various  regimes, 
and  high  temperature  conditions  of  operation  of  the  chamber,  the 
danger  of  warping  and  burnout  of  its  elements,  and  also  the 
possibility  of  carbon  formation  must  be  considered). 

The  chamber  of  combustion  of  that  element  cf  the  engine  which 
is  most  subjected  to  the  influence  of  various  unfavorable  factors 
in  operation  and  which,  to  a  certain  extent,  determines  the  operational 
reliability  of  the  engine  as  a  whole. 
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b .  2 .  Basic  Requirements  of  Combustion  Chambers .  Basic 
Parameters  of  the  Combustion  Chamber 


Combustion  chambers  of  Jet  engines  have  a  number  of  requirements, 
the  most  important  of  which  are  described  below. 

6.2.1.  Highest  Possible  Completeness  of  Combustion 

Heat  imparted  to  the  gas  as  a  result  of  the  Incompleteness  of 
combustion  ami  losses  to  cooling  is  always  less  than  the  theoretically 
!  ..  \ible  quantity,  which  is  distinguished  with  complete  combustion, 
i'he  completeness  of  combustion  is  estimated  by  the  combnation  efficiency 
(or  liberation  of  heat),  which  is  determined  by  the  ratio  of  the 
actually  liberated  quantity  of  heat  with  the  combustion  of  1  kg  of 
fuel  t.o  lowest  calorific  value  of  1  kg  of  this  fuel,  i.e., 

'~fj  ’  (6.1) 

In  design  conditions  of  operation  of  the  engine  the  efficiency 
of  combustion  is  very  high  and  approaches  unity.  In  partial  load 
conditions  of  the  engine,  especially  at  high  flight  altitudes, 
the  completeness  of  combustion  can  sharply  worsen.  The  less  the 
completeness  of  combustion,  the  more  fuel  consumption  of  the  engine, 
the  lower  the  economy  and  the  less  the  flight  range. 

For  basic  combustion  chambers  in  design  regimes 

$u.c  =  0,95-i-0,98. 

For  afterburners 

&H.K  =  0,85-7-0,95. 


6. 2.2.  High  Stability  of  Combustion  in  the  Whole  Karige 
of  Operational  Hegimes  of  the  Operation  of  the 
Engine.  Absence  of  Vibratory  Combustion. 


This  requirement  of  combustion  chamber  Is  basic.  .t  is  necessary 
that,  in  various  regimes  of  the  engine  (with  a  change  in  altitude 
and  flight  speed,  at  minimum  and  maximum  revolutions,  of  1  he  engine, 
etc.)  combustion  is  not  stopped,  separation  of  the  flame  does  not 
occur  and  that  special  regimes  of  unstable  vibratory  comoustion, 
which  can  lead  to  the  dispution  of  normal  operation  of  the  engine 
Jo  not  appear. 

The  stability  of  combustion  depends  on  the  correlation  of 
velocities  of  the  distribution  of  flames  and  movements  of  the*  air 
(fuel-air  mixture),  arid  also  on  the  correlation  of  rates  of  air  flow 
and  fuels,  i.e.,  on  the  composition  of  the  fuel-air  mixture,  or  the 
coefficient  of  air  surplus,  which  is  equal  to  the  ratio  of  the 
actually  entered  quantity  of  air  to  that  amount  theoretically 
necessary  for  the  complete  combustion  of  1  kg  of  fuel,  i.e.. 


a 


O , 


1 

m,/o 


(6.2) 


To  ensure  the  stability  of  combustion  it  is  necessary  to  use 
special  "stabilizers"  of  flame,  the  design  and  principle  of  operation 
of  which  is  examined  below. 


6.2.3.  Easy  and  Safe  Starting 

The  combustion  chamber  must  start  easily,  rapidly  and  smoothly 
in  any  operating  conditions,  with  operation  on  earth  arid  in  flight, 
including  at  high  altitudes.  The  easiness  and  dependability  of 
starting  to  a  certain  extent  determine  the  operational  reliability 
of  the  combustion  chambers. 

6. 2. 4.  Minimum  Losses  of  Total  Pressure 
The  providing  of  high  hydraulic  and  gas-dynamic  perfection  of 
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the  combustion  chamber  is  a  complex  matter.  It  contradicts  require¬ 
ments  of  providing  good  stability  of  combustion  and  high  completeness 
of  combustion;  actually,  the  use  of  various  devices  for  the  atomization 
of  the  fuel  and  improvement  of  carburetion  and  the  use  of  vortex 
generators  of  flow  and  flame  stabilizers  of  flame  from  the  viewpoint 
of  the  requirements  of  hydraulics,  aerodynamics  and  gas  dynamics  of 
processes  of  the  flow  of  gas  indicates  the  introduction  of  additional 
and  very  considerable  resistances.  These  resistances  lead  to 
losses  of  total  pressure,  which  are  estimated  by  the  coefficient  of 
the  drop  in  total  pressure 


Pi 


<  1,0, 


whr  re  p ?  -  total  inlet  pressure  in  the  combustion  chamber; 

* 

p.j  -  total  pressure  at  the  exit  from  the  combustion  chamber. 


For  the  basic  combustion  chambers 


'0,92  -s-  0,97; 


In  afterburners  at  high  temperatures  of  gas  preheating  losses  of 
pressure  increase: 


s’  — 0,88  i  0,95. 

6.2.5,  Small  Overall  Dimensions  and  Light  Weight 

In  order  to  obtain  combustion  chambers  with  small  overall 
dimensions  and  with  low  weight,  or,  in  other  words,  with  a  small 
working  volume,  it  is  necessary  to  make  combustion  chambers  of  high 
calorific  intensity.  The  latter  characteristics  the  quantity  of 
heat  arriving  per  unit  of  time  on  a  unit  of  volume  of  the  chamber 
referred  to  the  pressure  in  the  chamber,  i.e., 

O  eff.  -'kca'1-  (6.3) 

»w;  »j-h-at 
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where 


t?T  ^ac  -  consumption  of  fuel  per  hour  in  kg/h; 

H  -  lower  calorific  value  of  fuel  in  kcal/kg: 
u 

V  -  working  volume  of  the  combustion  chamber  In  rn  ; 

K  •  C 

* 

p ^  -  pressure  at  the  inlet  of  the  combustion  chamber  In 
at ; 

£  -  combustion  efficiency. 

K  •  C 

Calorific  intensity  of  combustion  chambers  of  contemporary  gas 
turbines  reaches  40-bO  kcal/in  *hour*at;  this  is  10-lb  times  more 
than  for  the  usual  steam-locomotive  furnaces  . 

In  oiuor  that  the  length  of  combustion  chamber  not  be  excessive 
and  so  that  the  limit  of  the  flame  does  not  reach  the  inlet  of 
turbine,  as  great  a  completeness  of  combustion  as  possible  must  be 
provided;  however  the  latter,  in  turn,  depends  on  the  extent  of  the 
chamber  and  presence  in  it  of  devices  making  the  combustion  process 
more  active.  Thus,  requirements  of  obtaining  small  dimensions  and 
weight  of  the  chamber  together  with  the  high  completeness  of 
combustion  are  contradictory.  They  are  solved  by  the  reception  of 
compromise  solutions  in  reasonable  limits. 

6.2.6.  Optimum  Law  of  the  Distribution  of 
the  Field  of  Temperatures  at  the  Exit 
from  the  Combustion  Chamber 

The  field  of  temperatures  at  the  exit  from  the  combustion  chamber 
(or  which  is  the  same,  -  at  the  inlet  of  turbine)  is  always  character¬ 
ized  by  a  definite  degree  of  Irregularity. 

One  should  distinguish  the  circumferential  and  radial  irregularity 
of  the  gas  temperatures.  The  circumferential  temperature  irregularity 
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is  harmful,  and  it  should  be  lowered  as  far  as  possible.  The  radial 
irregularity  must  obey  the  definite  most  advantageous  law,  at  which 
the  maximum  of  the  temperature  must  be  approximately  at  a  distance, 
equal  tc  2/3  of  the  blade. 

The  root  elements  of  blades  of  turbines,  subjected  to  the 
action  of  greatest  stresses  of  break,  and  also  outlying  elements 
of  the  blades,  having  the  least  thicknesses  and  therefore  yielding 
to  burning  must  be  washed  by  the  flow  of  gas  of  a  lower  temperature. 

The  degree  of  irregularity  of  temperatures  is  defined  as  the 
ratio  of  the  greatest  temperature  difference  at  the  exit  from  the 
combustion  chamber  to  mean  value  of  temperature,  i.e., 

T~~'n,\T""nl .  100X  <(20  -  30)  %.  (6.4) 

T'V 

The  circumferential  irregularity  of  temperature  of  the  best 
combustion  chamber  does  not  exceed  the  magnitude  AT  =  50-100°K, 

Figure  6.1  shows  temperature  fields  at  the  exit  of  combustion 
chamber,  characteristic  circumferential  and  radial  irregularities 
oi  temperatures  of  gas,  and  also  the  regularity  of  the  temperature 
variation  of  the  cooled  moving  blades  of  the  ductedfan  Jet  engine 
Rolls-Hoyce  "Spey". 

6.3.  Design  and  Principle  of  Operatl on  Combustion 
Chambers,  Types  of  Combustion  Chambers 

Combustion  chambers  of  Jet  engines  are  distinguished  from  each 
other  by  scheme  and  a  number  of  design  peculiarities;  however,  they 
all  have  similar  design  and  similar  principle  of  operation.  Figure 
6.2a  gives  an  Individual  combustion  chamber  installed  on  a  TRD  with 
a  centrifugal  compressor. 

Its  main  elements  are: 

a)  diffuser; 
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Pig.  6.1.  Distribution  of  the  field  of 
temperatures  at  the  exit  from  the  combustion 
chamber  of  the  ductedfan  jet  engine  Rolls- 
Royce  "Spey". 


b) 

Fig.  6.2.  Diagram  of  combustion 
chamber  of  an  aircraft  GTD:  a) 
individual;  b;  annular. 


b)  internal  heat  pipe; 


c)  external  jacket  (body); 

d)  frontal  device  consisting  of  a  centrifugal  fuel  spray  nozzle, 
bladed  swirl  vane  and  stabilizer; 

e)  perforation  system  (to  provide  mixing  of  the  air  and  products 
of  combustion). 

Figure  6.2b  shows  a  diagram  of  an  annular  combustion  chamber. 

6.3.1.  Working  Process  in  the  Combustion  Chamber 

Tiie  working  process  in  the  combustion  chamber  (Fig.  6.3)  occurs 
in  the  following  manner.  At  the  exit  of  the  compressor  the  air  has 
a  relatively  high  velocity  (100-120  m/s).  At  such  a  velocity  the 
combustion  chamber  would  have  a  long  length  with  considerable  losses 
of  pressure  and  low  completeness  of  combustion.  Therefore,  the  air 
flow  is  Initially  directed  into  the  diffuser  of  the  chamber  in  which 
its  velocity  is  lowered  down  to  50-70  m/s. 

6 . 3 . 1 . 1 .  Atomization  of  Fuel  and 
Formation  of  a  Fuel-air  Mixture. 

Fuel  atomization  is  produced  by  centrifugal  sprayers  under 
high  pressure  (ApT  =  60-80  at).  The  angle  of  the  spray  cone  reaches 
110-130°.  To  ensure  the  necessary  finess  of  atomization  in  ail 
regimes  of  operation  of  the  engine  and  at  various  fuel  consumptions 
two-and  even  three-channel  sprayers  are  used. 

Fuel  flows  out  from  the  sprayer,  forming  a  continuous  thin 
conic  film,  which,  with  removal  from  the  frontal  device,  is  decomposed 
and  split  up  into  smallest  drops  of  various  diameter.  Investigations 
show  that  from  1  cm^  of  fuel  up  to  10  million  drops  with  a  diameter 
of  10  to  200  urn  are  formed. 
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Fig.  6.3-  Diagram  ol“  processes  in  the 
combustion  chamber:  1  -  spray  cone; 

2  -  swirl  air;  3  -  reverse  flows;  4  - 
circulating  zone;  5  -  zone  of  combustion; 

6  -  turbulent  tracks. 

For  each  sprayer  the  most  advantageous  spectrum  of  atomization 
is  selected.  An  excessively  large  or  excessively  small  fuel 
atomization  can  lead  to  a  worsening  of  combustion  efficiency  and 
narrowing  of  the  range  of  steady  operation  of  the  chamber  (big 
drops  fly  through  the  chamber,  not  burning;  with  complete  evaporation 
of  the  drops  there  is  superenrichment  of  the  mixture,  which  also 
make  burning  worse). 

6.3.1.'-.  Division  of  Air  Flow 
into  Primary  and  Secondary. 

in  diffuser  the  air  flow  is  divided  into  two  parts.  Its  lesser 
part  (approximately  20-50%)  occurs  inside  the  flame  tube  through  the 
swirl  vane  of  the  frontal  device  and  also  through  the  system  of 
openings  (perforation)  in  the  front  part  of  the  flame  tube,  is  mixed 
with  the  atomized  fuel  being  injected  by  the  centrifugal  sprayer, 
and  immediately  participates  in  the  process  of  combustion.  This 
part  of  the  air  is  called  primary  air.  It  must  be  noted  that  the 
primary  air  must  be  fed  gradually  along  the  length  of  the  zone  of 
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combustion.  This  is  connected  with  the  fact  that  in  the  beginning 
for  the  creation  of  the  fuel  flame  (as  a  result  combustion  rapidly 
evaporating  small  drops)  a  small  quantity  of  air  is  necessary.  With 
preparation  of  fuel-air  mixture,  to  ensure  its  complete  combustion 
and  | revent  .Association  at  high  temperature,  the  necessary  quantity 
,)f  air  increases  (Fig.  6.4).  In  the  zone  of  combustion  the  most 
advantageous  concentration  of  fuel  is  characterized  by  the  value  of 
the  coefficient  of  air  surplus  otj  ■  1.1-20. 


Fig.  6.4.  Change  in  parameters  of 
gas  along  the  length  of  combustion 
chamber. 


The  greater  part  of  air  (50-80$)  fills  the  annular  cavity 
contained  between  the  flame  tube  and  external  body,  and  then  the 
air  enters  also  through  the  system  of  openings  inside  the  flame 
tube  -  into  the  zone  of  confusion.  This  part  of  the  air  is  called 
secondary  air ;  is  mainly  for  the  mixing  of  hot  combustion  products 
with  cold  air  (entering  from  the  compressor)  and  for  lowering  the 
temperature  of  the  obtained  mixture  down  to  a  safe  level,  determined 
by  conditions  of  the  providing  -  strength  of  morning  blades  of  the 
turbine . 


123 


The  division  of  air  into  primary  and  secondary  is  connected 
with  the  Impossibility  of  the  organization  of  effective  fuei  burning 
.'it  low  temperatures  ( 800-1 000°  C) .  Therefore,  it  1  •  necessary  in 
tne  beginning  to  organize  fuel  combustion  at  .high  temporal ure 
1 1600-liJ00oC)  and  then  accomplish  dilution  of  combustion  products  by 
cold  air. 


6 . i . 1 . 3 •  Stabilization  of  the 
Front  of  the  Flames  in  the  Zone 
f  Combustion . 


The  tendency  to  boost  the  combustion  chamber,  having  provided 

high  values  of  its  calorific  intensity,  conditions  the  use  of  high 

velocities  of  the  flow  of  air  (gas)  greater  than  the  normal  velocity 

of  the  distribution  of  the  flame.  From  a  course  in  physics  of 

combustion,  it  is  known  that  in  this  case  (when  a  '  V  )  >v 

r  Hup,; 

providing  stability  of  combustion  and  retention  of  the  flame  jet  in 
combustion  chamber,  there  must  be  created  a  stagnant  circulating 
zone  —  tiie  zone  of  reverse  flows  [ZOT]  (30T)  of  hot  gases  -  capable 
of  continuously  and  reliably  igniting  the  prepared  fuel-air  mixture. 

To  create  such  a  zone,  there  are  employed  swirl  vanes  of  flow 
and  various  bluff  bodies  (annular  grooves  of  the  corner'  sections, 
plates,  etc.),  behind  which  an  area  of  low  pressure  is  formed.  Such 
an  area  is  formed  along  the  axis  of  the  flame  tube,  in  its  front 
part,  as  a  result  of  the  ejection  of  combustion  products  of  the 
annular  (hollow)  jet  of  the  mixture  of  fuel  and  air. 

Figure  6.3  shows  the  pear-shaped  border  of  the  area  of  the  zone 
of  reverse  flows. 

6. j.1.4.  Flow  Turbllizatlon  In 
the  Combustion  Zone. 


For  the  intensification  of  processes  of  mass-and  heat  exchange 
and  likewise  for  the  increase  in  the  velocity  of  the  normal  flame 
propagation,  transition  from  laminar  combustion  t'o  turbulent  is 
necessary . 
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Turbulence  of  flow  Is  achieved  with  the  help  of  swirl  vanes, 
centrifugal  fuel  sprayers,  bluff  bodies,  and  also  by  means  of  the 
radial  admission  of  Jets  of  cold  air  through  openings  in  walls  in 
the  flame  tube. 

In  chambers  without  a  frontal  device  a  greater  part  of  the  fuel 
burns  up  in  turbulent  "tracks"  formed  with  the  passage  of  air  through 
the  openings.  The  correct  selection  of  diameter,  disposition  and 
number  of  openings  to  a  certain  extent  determines  the  effectiveness 
of  combustion,  limiting  dimensions  of  the  zone  of  reverse  flows  and 
:,uv.ing  an  effect  on  hydraulic  losses  in  the  combustion  chamber. 

6 . 3 . 1 . 5  .  Gas-Dynamic  Structure  of 
Flows  in  the  Combustion  Chamber . 

Figure  6.5a,  b  and  c  shows  respectively,  regularities  of  the 
distribution  of  velocity  fields  a,  fuel  concentrations  K  and  gas 
temperatures  of  gas  T *  In  sections  of  chamber  1,  2  and  3. 

In  an  axial  direction  the  total  pressure  of  the  gas  gradually 
drops.  Gas  temperature  reaches  a  maximum  in  the  zone  of  combustion, 
and  then  with  the  admixture  of  the  secondary  air,  is  gradually 
reduced  down  to  the  reguired  level.  The  average  flow  velocity  of 
the  gases  is  lowered  in  the  zone  of  combustion  (midsection  of  the 
chamber)  -  this  increases  the  time  of  stay  of  the  fuel  at  high 
temperatures  and  assists  the  complete  burning  of  the  mixture.  The 
completeness  of  combustion  sharply  increases  toward  the  end  of  the 
zone  of  combustion. 
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Fig.  6.5.  Fields  of  velocities,  temperatures 
and  concentrations  of  fuel  in  the  combustion 
chamber. 
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At  the  exit  from  the  chamber  the  total  coefficient  of  air 


f 

I 


surplus  reaches  the  value  =  3. 5-5. 5. 

In  a  radial  direction  the  concentration  of  fuel  roadies  ;  :.e 
maximum  in  accordance  with  the  trajectory  of  motion  of  the  fuel 
particles.  The  greatest  irregularity  in  the  distribution  of  axial 
velocities  of  the  air  (gas)  is  observed  in  sections  of  the  cone  of 
reverse  flows.  With  an  approach  to  the  exit  of  the  chamber,  the 
profile  of  axial  velocities  is  gradually  equalized. 

Temperature  of  gas  lias  the  greatest  and  approximate i,v  constant 
value  in  the  zone  of  the  reverse  flows  and  sharply  decreases  in  the 
direction  of  the  periphery  of  the  flame  tube,  where  admixture  of 
secondary  air  to  the  primary  occurs. 

6.3.2.  Types  of  Combustion  Chambers 

Combustion  chambers  of  aircraft  gas  turbines  are  subdi viced  Into 

van  (or  individual) ,  annular  and  aannular . 

Tubular  chambers  are  used  mainly  on  engines  with  a  centrifugal 
compressor.  They  are  convenient  in  operation,  and  they  allow  rapid 
replacement  of  chambers  without  dismantling  the  whole  engine.  The 
use  of  individual  chambers  considerably  reduces  the  time  of  their 
finishing. 

Annular  chambers  are  used  on  engines  with  an  axial-flow  compressor. 
They  are  distinguished  by  great  compactness  and  little  weight, 
since  they  have  less  overall  dimensions.  Annular  chambers  are 
characterized  by  fewer  hydraulic  losses  and  have  at  the  exit  more 
uniform  fields  of  temperatures  and  pressures.  Deficiencies  of  annular 
chambers  they  are  the  complexity  of  repair  and  finishing. 

At  present  the  most  widespread  are  cannular  chambers  (with 
individual  flame  tubes),  which  are  an  intermediate  type  of  chamber. 

With  skillful  design  fulfillment,  they  combine  the  merits  of  can 
and  annular  combustion  chambers. 
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6.4.  Change  In  Pressure  In  the  Combustion  Chamber 


One  should  distinguish  the  change  in  static  and  total  pressures 
of  gas  in  the  combustion  chamber.  Static  gas  pressure,  depending 
on  the  configuration  of  the  combustion  chamber,  can  decrease,  remain 
constant  or,  theoretically,  even  in  certain  cases,  increase;  the 
total  gas  pressure  in  the  combustion  chamber  always  decreases. 

Let  us  examine  these  questions  in  detail. 

6.4.1.  Change  in  Static  Pressure. 

Tho  change  in  static  pressure  of  the  combustion  chamber  is 
determined  by  the  presence  of  hydraulic  resistances  and  acceleration 
of  flow.  The  greater  the  hydraulic  losses  (i.e.,  the  greater  the 
i  o-tlon  of  energy  of  gas  necessary  to  expend  for  overcoming  hydraulic 
and  gas-dynamic  resistances)  and  the  greater  the  acceleration  of 
flow  (i.e.,  the  more  the  increase  in  kinetic  energy  of  the  gas), 
the  greater  the  drop  in  static  pressure  of  tho  gas.  The  aforesaid 
follows  from  an  analysis  of  Bernoulli's  equation,  written  for  the 
process  in  the  combustion  chamber: 

\  vdp  - \L,  -{-  ~  *  (6.5) 

#» 

Hydraulic  resistances  in  the  combustion  chamber  are  conditioned 
by  the  viscosity  of  the  gas,  the  presence  of  various  obstacles 
in  the  flow  -  vortex  generators  of  flow  and  flame  stabilizers,  - 
sprayers  and  deflectors,  mixers  and  separators  of  flow,  and  in  some 
chambers  -  at  sharp  turns  of  the  flow  (up  to  l80°).  Hydraulic 
resistances  can  be  decreased  up  to  a  definite  degree,  but  it  is 
impossible  to  eliminate  them  entirely. 

Acceleration  of  flow  in  the  combustion  chamber,  in  turn, 
depends  on  a  number  of  factors  -  shape  (profile)  of  the  chamber, 
intensity  of  preheating  of -the  gas,  and  presence  of  hydraulic 
resistances . 
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The  combustion  chamber,  and  also  the  afterburner,  from  design 
and  technological  considerations  are  usually  made  of  cylindrical 
form1;  with  configuration  of  it  the  preheating  of  the  go;:  and  presence 
of  friction  always  lead  to  acceleration  of  flow  u:\  p  in  .-.tali, 

pressure . 

Let  us  write  the  equation  of  momentum  for  the  mass  of  gas 
moving  In  a  cylindrical  chamber  in  the  presence  of  preheating  without 
friction.  Such  a  combustion  chamber  is  an  ideal  thermal  nosslo. 

We  obtain 

(<Y -c3)  -  f(Pi  -Pi).  (  D  .  6 ) 

Thus,  acceleration  of  flow  ( c  ,  c ,,)  ,  conditioned  by  the 
preheating  of  the  gas  >  T 2^ »  causes  a  drop  in  static  pressure 
(J  v  <  f  ,)  • 

Expression  (6.6)  can  be  given  another  form: 

~  ct -I-  Ptf  “  ~  Ci  +  Pi f  const,  (6.7) 

i.e.,  Uie  total  momentum  of  flow  in  the  cylindrical  chamber  remains 
constant;  hence,  it  follows  that  the  cylindrical  pipe  does  not 
develop  as  much  reactive  thrust  as  the  gas  passing  through  it 
has  warmed  up,  -  its  walls  are  not  able  to  absorb  the  axial  stresses. 

Let  us  find  now  the  quantitative  correlations  connecting  the 
drop  in  static  pressures  with  an  increase  in  the  preheating  of  the 

gas . 

Let  us  transform  expression  (6.7),  having  noted  that  a  = 

‘Sometimes  it  is  made  slightly  expanding. 
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Then 


Pi- Pi 


tiX* 

g 


(fi-Ci)- 


Since  with  /  ■  const 


=  M\=~ L-, 

(i  v}  '  and  *  kqRTj  ’ 


then 


(6.8) 


We  see  that  the  process  of  preheating  of  the  gas  in  the 
cylindrical  combustion  chamber  is  shown  in  p-v-coordinates  by  the 
equation  of  the  straight  line  (Fig.  6.6).  The  more  initial  number 
of  flow,  the  more  intensive  the  drop  in  static  pressure. 


Fig.  6.6.  Process  of  preheating 
of  the  gas  in  the  cylindrical 
combustion  chamber. 


Let  us  now  derive  the  simple  formula  for  the  calculation  of 
the  coefficient  of  drop  in  static  pressure  a  =*  p-,/p_. 

The  equation  of  the  momentum  of  gas  (6.7)  can  be  reduced  with 
the  help  of  the  gas-dynamic  function 


to  the  form 


z(k)  VT'-m  conit,  ■ 


(6.9) 
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or 


'(*3) 


i  (X2) 

\  i' 


(t.  .  i-U  ) 


,  rl 

where  i— ; 

r ; 


degree  of  preheating  of  the  gas  combustion  chamber. 


On  the  other  hand,  the  equation  of  the  flow  of  gas  for  a 
cylindrical  pipe  can  be  written  witli  the  help  of  the  gas-dynamic 
function  r( X)  in  the  form 


P 

/■(>) 


const. 


where 


r  (*.)-■- 


II  (X) 
/(X) 


1 - -  >,: 

H-  I 

I  +  X2 


Then 


Pi 


(6.11) 


where  the  connection  between  X^,  X2  and  A  is  found  with  the  help 
of  equation  (6.10). 


Determination  of  o  is  produced  from  tables  of  gas-dynamic 
functions  of  Kiselev. 


Example:  Let  X2  =  0.20;  A  =  3.  Then 


2A2)a2,6;  t  (X3) m  ■  I  X3  at  0.3K2; 

/■(Xj)  ;  0,966;  r(Xj)  -  0,855;  a«0^94. 


6.4.2.  Drop  in  Total  Gas  Pressure 


Preheating  of  the  gas • in  the  combustion  chamber  of  any 
configuration.  Independent  of  the  presence  of  friction,  always  leads 
to  a  drop  in  total  pressure  of  the  gas. 
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Drop  in  total  pressure,  conditioned  by  the  preheating  of  the 
gas,  is  called  thermal  resistance .  The  physical  sense  of  the  concept 
"thermal  resistance’'  is  that  at  the  assigned  storage  of  kinetic 
energy  with  preheating  of  the  gas  the  increase  in  pressure  of  the 
gas,  conditioned  by  deceleration  of  the  flow,  continuously  drops. 

Actually,  at  the  assigned  magnitude  of  adiabatic  work  of 
compression  equivalent  to  the  kinetic  energy  of  flow, 

Lt u=  102,5r*(Ji,o;M- 1)«-~ , 


f,iiere 


with  an  increase  in  T*  the  magnitude  it  decreases. 


Let  us  examine  the  combustion  chamber  of  arbitrary  configuration 
in  which  with  the  preheating  of  the  gas  there  is  a  drop  in  static 
pressure.  Let  us  assume  that  friction  is  absent.  Let  us  prove 

graphoanalytically  that  in  this  case  the  total  pressure  of  the  gas 

*  * 

arcpc,  i.e.,  that  p ^  <  p2  (Fig.  6.7). 


Fig.  6.7.  Graphoanalytical 
illustration  of  the  drop  in  total 
pressure  of  the  gas  with  its 
preheating  in  the  combustion  chamber. 


Let  us  write  Bernoulli's  equation  for  process  2-3  in  the  form 

— Ct  'dp.  (6.12) 

ig  If  i 

If  the  total  pressure  of  the  gas  in  combustion  chamber  would 

«  # 

remain  constant,  i.e.,  if  p^  ■  p2»  then  the  area  3' *-3-d-a-3'* , 
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equivalent  to  the  kinetic  energy  .^1  would  be  more  than  the  area 

If! 

-d-a-2*  which  depict.:  the  right -hand  side  cf  eiy alien  1  ? ' ; 

#  * 

this  would  contradict  equality  (6.12).  Consequently,  y  ,  /  ,  areas 

j#  i-d-b-  j*  and  2#-2-3 -d-a-2.*  are  equal). 

The  physical  sense  of  the  drop  in  total  pressure  can  be  shown 
still  otherwise  in  the  example  of  the  cylindrical  combustion  chamber. 

For  subsonic  flows  we  have  the  approximate  equality 

•  (6.13) 

For  cylindrical  chambers  we  write 

Pf\ —  r=-const,  and  />4efl:aEConst. 

Thus,  the  total  pressure  of  the  gas  is  equal  to  the  constant 
specific  total  pulse  [less  the  dynamic  addition  of  pressure  (impact 
pressure ) ]  ,  i .e  .  , 


P*  ac  const  — 

Since  in  proportion  to  feed  of  heat  the  dynamic  head  of  the 


gas 

Cf~ 

cj  Increases, 

then  the  total  pressure  p*  drops. 

6.4. 

,2.1. 

Determination 

of  the 

Drop  in  Total  Pressure  in  the 
Cylindrical  Combustion  Chamber. 

Let  us  derive  the  simple  formula  for  the  determination  of  the 
coefficient  of  drop  in  total  pressure 


in  a  cylindrical  combustion  chamber. 
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Let  us  present  the  equation  of  the  flow  of  gas  with  the  help 
of  the  gas-dynamic  function  /(X)  in  the  form  (Fig.  6.8) 

coast. 


Here 

Then 

(6.m 

Pm  JO*)' 

The  connection  between  X^  and  X 2  and  A  is  found  with  the  help 
of  the  momentum  equation  (6.10). 

Example. 

Let  X2  ■  0.20  and  A  -  3  (k  -  1.33). 

Then  c(X,)=16;  *(X,)~I.5;  X»- 0,382;  /(Xj)  - 1,0223;  /(X,)  =  1,0757  and  o;«0,95. 

Figure  6.9  gives  a  graph  for  the  determination  of  the  drop  in 


L  3  3 


Fig.  6.9.  Graph  for  the  determination 
of  the  drop  of  total  pressure  of  the 
gas  in  the  combustion  chamber. 

On  the  graph  lines  of  equal  values  A2  and  A^  are  plotted.  With 
an  increase  in  A  when  A.,  =  const  value  X3  increases.  With  an 
increase  in  A  when  A^  =  const  the  value  X^  drops. 

Figure  6.9  gives  the  boundary  line  X^  =  1,  which  fixes  the 
limiting  degree  of  preheating  of  the  gas  at  the  assigned  initial 

value . 
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.“.2.2.  Determination  of  the 
Limiting  Degree  of  Preheating  In 
Tne  Cylindrical  Chamber? 


Frorr.  the  momentum  equation  (6.10) 
•  „  *  1  and,  consequently,  when  a(X^)  * 


let  us  find  A= 
1,  magnitude 


When 


A«Am,,«.  z  (Xj) . 


(6.15) 


Several  ,;a  obtained  for  this  dependence  are  given  in  Table 


Table  6.1. 


>* 

0.10 

0.20 

O.TO 

0,10 

0.50 

A«iti 

5. OS 

2.60 

1.82 

1.46 

1.26 

Thus,  with  an  increase  in  the  number  X^,  the  limiting  degree 
of  preheating  of  the  gas  in  the  combustion  chamber  sharply  decreases. 


: .i.2.3.  Effect  of  Hydraulic 
Losses  on  the  Drop  of  Total 
1'ressure  p*. 


The  drop  of  total  pressure,  conditioned  by  the  presence  of 
hydraulic  losses,  is  estimated  by  formula 


.  ,  ,  *•" 


(6.16) 


;here  K.  *  0.07-0.15  and  £  ■  8-12. 


The  total  losses  of  total  pressure  are  equal  to 


n.e*1  °r  +  V 
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6.5.  Factors  Affecting  the  Completeness  of  Combustion 
and  Stability  of  Combustion  of  the  Fuel 

Earlier  we  noted  the  importance  oJ'  providing  higi  vaiuiv  vf  t/.e 
efficiency  of  combustion  for  economic  operation  of  ‘.he  engine.  how 
we  will  examine  the  effect  of  various  regime  parameters  and  also 
parameters  of  the  process  on  the  magnitude  E 

K  •  C  • 

The  coefficiency  of  combustion  considers  the  chemical  incomplete¬ 
ness  of  combustion  (being  determined  by  the  dissociation  of  combustion 
products,  the  formation  aldehydes  instead  of  product?  of  complete 
combustion  — r^O  and  CO and  also  the  mechanical  incompleteness  of 
combustion;  the  latter  appears  in  the  form  of  deposits  of  carbon 
deposit  on  elements  of  the  combustion  chamber  and  the  coking  of  the 
lie i  sprayer;  furthermore ,  part  of  the  fuel  Is  taken  away  by  thv 
flow  of  gas  beyond  the  engine. 

The  basic  parameters  Influencing  the  efficiency  of  combustion, 
are:  coefficient  of  air  surplus  a,  parameters  of  air  at  the  inlet 

of  the  combustion  chamber  (pressure  p2,  temperature  T-,  and  velocity 
c?,),  altitude  of  flight  H ,  number  of  revolutions  of  the  engine  n, 
finess  of  fuel  atomization,  determined  by  the  average  diameter  of 
the  drops  of  fuel,  and  others.  The  enumerated  factors  have  an 
effect  on  the  very  complex  physicochemical  processes  of  combustion. 
Intensifying  or  slowing  them  down. 

6.5.1.  Effect  of  Coefficient  of  Air  Surplus  a 

Figure  6.10  shows  the  effect  of  the  coefficient  of  air  surplus 
of  combustion  chamber  a  on  £  ,  The  maximum  completeness  of  comb us- 

t Ion  corresponds  to  the  magnitude  of  the  total  coefficient  *  j-5, 

1 . e . ,  approximately  to  the  stoichiometric  composition  of  fuel-air 
mixture  in  the  zone  of  combustion  (<x^  s  1.0);  this  composition  of 
mixture  corresponds  to  the  highest  temperature  of  combustion, 
smallest  volume  of  combustion,  shortest  flame. 
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Fig.  6.10.  Effect  of  the  coefficient 
of  surplus  of  air  on  the  complete¬ 
ness  of  combustion  of  the  fuel. 


*•*.1 
•  A 

V.8 

0.1 

0.0 

t 

— 

— 

hq 

N 

N 

r  *  t 

1  a  w  12  a 

The  impoverishment  and  enrichment  of  the  mixture  lowers  the 
magnitude  5  ,  and  the  greater  this  is,  the  greater  magnitude 

•!* v'.  -•  ■  j  from  unity . 

At  imp: verishment  of  the  mixture  the  flame  is  decreased  in 
volume,  and  it  becomes  shorter  -  fuel  shortage  is  affected.  Hot 
combustion  products,  mixing  with  the  primary  air,  are  cooled;  as 
a  result  the  velocity  of  the  occurrence  of  the  chemical  reaction  is 
decreased,  and  the  combustion  chamber  is  lowered.  All  this  leads 
to  a  lowering  of  the  completeness  of  combustion.  With  further 
decrease  of  the  mixture,  the  quantity  of  heat  imparted  by  the  zone 
of  reverse  flows  appears  already  insufficient  for  ignition  of  the 
fresh  fuel-air  mixture  -  flameout  of  the  Impoverished  mixture 
accroaches . 

With  enrichment  of  the  mixture  the  flame  is  stretched,  and  it 
increases  in  volume.  Since  the  surplus  fuel  evaporates,  this  leads 
to  the  cooling  of  the  combustible  mixture;  as  a  result  the  induction 
period  of  combustion  increases,  and  the  completeness  of  combustion 
is  decreased.  With  further  enrichment  the  fuel-air  mixture  can 
"rush"  through  the  zone  of  reverse  flows  not  igniting  -  flameout 
of  the  rich  mixture  approaches. 

6.5-2.  Effect  of  Air  Pressure  p2 

A  decrease  in  absolute  air  pressure  at  the  inlet  of  the 
combustion  chamber  down  to  p-  *  1  aT  (Fig.  6.11)  has  little  effect 
on  the  completeness  of  combustion.  With  further  reduction  in 
pressure  (p0  <  1  at)  the  completeness  of  combustion  is  decreased  as 
a  result  of  the  lowering  of  t  it  . -w_  oclty  of  combustion  and  also  due 
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Fig.  6.11.  Effect  of  -A 
in  combustion  chamber  on 
c omp ioteness  of  comb u s 1 1 
fuel . 
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to  the  worsening  of  the  atomization  (diameter  of  drops  of  fuel 
increases;  the  fuel  drops  easily  fly  through  the  chamber ,  without 
having  become  ignited) . 

6.5.3.  Effect  of  Air  Temperature 

With  a  reduction  in  air  temperature  at  the  inlet  of  the 
combustion  chamber  (Fig.  6.12)  carburetion  becomes  worse  (foot 
evaporation  is  delayed);  furthermore,  the  induction  period  increases, 
and  the  velocity  of  combustion  is  lowered.  Ultimately  the  ccmpietenes 
of  combustion  becomes  worse. 

gK£  Fig.  6.12.  Effect  of  temperature 

of  air  entering  into  combustion 
chamber  on  the  completeness  of 
fuel  combustion. 
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6.5.^.  Effect  of  the  Velocity  of  Air  Flow  a-. 

At  the  assigned  composition  of  the  mixture,  the  increase  in 
the  air  velocity  at  the  inlet  of  the  combustion  chamber  (Fig.  6.13) 
leads  to  a  decrease  in  the  time  of  stay  of  portions  of  the  fresh 
fuel-air  mixture  in  the  zone  of  reverse  flows;  this  lowers  the 
completeness  of  combustion  and  with  a  further  increase  in  velocity 
of  the  flows  can  lead  to  flameout. 
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Fig.  6.13.  Effect  of  velocity  of 
air  flow  at  the  inlet  of  the 
combustion  chamber  on  the 
completeness  of  fuel. 


6.5.5.  Effect  of  Flight  Altitude 


With  an  increase  in  flight  altitude  (Fig.  6.14)  the  pressure 
:v’d  air  temperature  at  the  inlet  of  the  combustion  chamber  decrease. 
This  leads,  as  we  already  noted  above,  to  the  deceleration  of  the 
passage  of  the  chemical  reaction  and  to  the  worsening  of  carburetion. 
Ultimately  there  is  the  lowering  of  the  completeness  of  combustion 
and  especially  on  reduced  regimes  of  operation.  Furthermore,  with 
climbing  the  range  of  steady  operation  with  respect  to  parameter 
a  is  narrowed. 


<K.C* 
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Fig.  6.14.  Effect  of  flight  altitude 
on  the  completeness  of  fuel  combustion. 


6.5.6.  Effect  of  the  Number  of  Revolutions 


Extreme  throttling  of  the  engine  always  makes  the  completeness 
of  combustion  worse  (Fig.  6.15). 
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Fig.  6.15.  Change  in  the 
coefficient  of  completeness  ,  f 
combustion  according  to  rumour 
of  revolutions  of  the  engine. 


6.5. 7<  Providing  Stabilization  of  Combustion 

Stability  of  combustion  is  determined  by  the  range  of  the 
change  in  coefficient  of  air  surplus  in  which  there  is  not  a 
flameout  (on  impoverished  and  enriched  mixture). 

Figure  6.16  gives  the  characteristic  of  the  stability  of 
operation  of  the  combustion  chamber  in  the  form  of  dependence 
c.,  =  /(<*)•  The  area  under  the  curve  is  the  area  of  steady 

combustion.  The  left  branch  of  the  curve  characterises  the  limit 
of  separation  with  respect  to  the  rich  mixture  and  the  right  branch 
of  the  curve  -  limit  of  separation  with  respect  to  the  impoverished 
mixture . 


Fig.  6.16.  Characteristic  of  the 
stability  of  operation  of  the 
combustion  chamber. 


With  an  increase  in  <?2,  with  an  increase  in  p0  and  with 
an  increase  in  flight  altitude,  and  with  a  decrease  in  number  of 
revolutions  of  the  engine,  the  stability  of  combustion  of  the  jet 
engine  is  made  worse. 
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6.5.8.  Evaporative  Combustion  Chambers 


The  worsening  of  fuel  atomization  and  the  deceleration  of  the 
velocity  of  occurrence  of  the  chemical  reaction  of  combustion  with 
an  Increase  in  altitude,  as  we  have  already  indicated,  lower 
the  completeness  of  combustion  and  makes  stability  of  combustion  worse. 

One  of  the  methods  of  increasing  the  effectiveness  of  combustion 
on  great  altitudes  is  the  use  of  evaporative  chambers  of  combustion. 
Principle  of  operation  of  these  chambers  is  simple.  It  consists 
In  the  fact  that  before  its  feed  into  the  combustion  chamber  the 
fuel  preliminarily  flows  through  a  system  of  tubes  warmed  up  on  the 
outside  by  products  of  combustion,  and  it  evaporates.  Vapors  of 
fuel  flowing  out  of  the  tubes  are  mixed  in  the  flame  tube  with 
compressed  air  in  various  proportion,  forming  a  heterogeneous  mixture. 
The  latter,  as  is  known,  has  wider  limits  of  ignition  with  respect 
to  a  than  does  the  homogeneous  mixture. 

In  order  to  eliminate  carbon  formation  on  walls  of  the  tubes, 
air  is  passed  through  them,  and  the  fuel  is  injected  in  the  form  of 
thin  axial  Jets  inside  the  tubes. 

Evaporative  chambers  were  used  on  separate  serial  gas-turbine 
engines  (TVD  Armstrong-Siddley  (Mamba),  TRD  Armstrong-Siddley 
(Sapphire)  AS-65).  However,  due  to  their  design  complexity  and 
large  volume,  they  did  not  become  widespread. 

6.6.  Determination  of  Relative 
Fuel  Consumption  in  the 
Combustion  Chamber 


With  thermal  and  gas-dynamic  calculations  of  gas-turbine  engines 
and  with  the  calculation  of  their  characteristics,  it  is  necessary 
to  the  relative  fuel  stability 

m  —  _  C fm ^3 ~~*l)  (6.17) 

a.  5^7.  • 


1.41 


Determination  of  the  average  (conditional)  specific  heat  c 
of  gas  can  be  produced  on  special  tables  or  nomograms,  compiled, 
for  example,  by  Ya.  T.  Il'ichev  (see  work  [30j).  in  pructie  It 
Is  convenient  to  determine  by  the  formula  proposed  by  r. . 
Kholshchevnikov  and  Ya.  T.  Il'ichev: 


»» t~ 


(0.16; 


with  the  help  of 
work  [21j.  These 
temperature  ana  a 


nomograms  (see  Appendix  1)  or  tables  elver 
nomograms  and  tables  consider  the  effect 
on  the  enthalpy  of  air  ana  of  gas. 


In 

of 
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CHAPTER  7 

EXHAUST  SYSTEMS  OP  JET  ENGINES 

Exhaust  systems  of  Jet  engines  and  their  rational  design, 
effectiveness  and  method  of  control  acquire  an  even  greater  actual 
Importance,  especially  in  connection  with  the  development  of  engine 
l  r  high  supersonic  flight  speeds  and  also  for  vertical  takeoff 
(landing) . 

The  exhaust  systems  of  the  jet  engine  include:  diffuser, 
extension  pipe,  Jet  nozzle  with  systems  of  control  and  cooling 
nui.se,  suppressor  and  thrust  reverser  (deflector).  Sometimes  the 
exhaust  includes  the  afterburner,  although  it  is  more  logical  to 
put  it  in  a  special  system  of  the  boosting  of  thrust  of  an  engine. 

7.1.  Purpose  of  Exhaust  Systems  of  Jet.  Engines 
and  Basic  Requirements'  of  Them 

The  purpose  of  exhaust  systems  o'  Jet  engines  is  varied  -  th^y 
fulfill  a  number  of  responsible  functions.  Their  main  purpose  is 
t  provide  the  effective  transformation  of  potential  energy  of 
pao  pressure  behind  the  turbine  into  the  kinetic  energy  of  outflow 
of  the  gas,  and  to  form  the  output  pulse  of  the  Jet  engine  with 
minimum  losses. 

At  the  3ame  time,  the  exhaust  system  of  the  Jet  engine  with 
the  help  of  special  control  must  provide  the  necessary  change  in 
uperatlng  conditions  of  the  engine,  control  of  the  direction  of 
the  vector  (reversing)  of  th'  *  and  magnitude  of  thrust  from  its 
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maximum  positive  to  its  maximum  negative  values.  Furthermore,  the 
exhaust  systems  of  the  jet  engine  must  provide  the  m so scary  upgroe 
of  damping  of  noise  produced  by  the  engine.  in  accordance  wit:,  tne 
aforementioned,  it  is  possible  to  formulate  the  following  Lari'- 
requirements  for  exhaust  systems  of  Jet  engines: 

1)  transformation  of  thermal  (potential)  energy  of  gas  into 
kinetic  and  the  creation  of  the  output  pulse  of  engine  with  minimum 
losses  in  all  flight  regimes; 

2)  providing  effective  control  of  processes  of  operation  of  the 
engine  in  accordance  with  the  profile  and  flight  regime; 

3)  providing  control  of  the  magnitude  and  directions  of  tl.i 
vector  of  thrust  over  a  wide  range  of  values  of  thrust; 

J0  providing  effective  damping  of  noise  produced  Ly  the  engine. 

7.2.  Process  of  the  Outflow  of  Gas  From  the  Jet  Nozzle 


Let  us  examine  the  process  of  the  outflow  of  gas  from  the  Jet 
nozzle  (Fig.  7.1)  in  coordinates  T,  -j - 1. 


Fig.  7.1.  Uraphie  represonlut Ion 
of  the  process  of  outflow  from 
the  Jet  nozzle. 


Let  point  4  characterize  the  real  condition  of  the  gas  at  the 
exit  from  the  turbine.  Let  us  draw  an  Isobar  of  external  pressure 
p  .  In  the  absence  of  losses  of  friction,  the  ideal  process  of 


t 
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of  complete  expansion  of  gas  in  the  Jet  nozzle  (up  to  external 
counterpressure  “  P  )  will  be  depicted  as  the  isentrope  4-5a • 
mhe  real  process  of  the  outflow  occurs  along  a  certain  conditional 
poly trope  4-5.  It  is  accompanied  by  the  growth  in  entropy  due  to 
the  presence  of  friction. 

It  is  not  difficult  to  note  that  the  difference  in  enthalpies 
in  the  adiabatic  process  4-5a. 


ep(T*  —  Tja ) 
A. 


(7.1) 


Is  the  kinetic  energy  of  1  kg  of  gas  on  the  section  of  the  nozzle 
with  the  ideal  process  of  outflow. 

Difference  in  enthalpies  in  the  real  process  4-5 

U  —  1*  epiT*~Ti>  . 

A  2.c  A  W  ' 

is  the  kinetic  energy  of  1  kg  of  gas  flowing  from  the  nozzle,  with 
allowance  for  losses  with  expansion. 

7.2.1.  Velocity  of  Outflow  from  the  Jet  Nozzle 


Let  us  find  the  adiabatic  velocity  of  outflow  from  the  jet 
nozzle  with  total  expansion  of  the  gas  (p^  =  p  )  with  the  help  cf 

PH 

i he  energy  equation  (7.1): 


(7.3) 


wnere  pj. 


total  pressure  and  temperature 
at  the  inlet  of  the  nozzle;  p 

*  ‘  H 

pressure . 


of  the  gas  respectively, 
-  external  counter- 
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j/wior; 

usually  if |»t ~ 0,97^-0,985. 

r;muia  (7.9)  can  be  used  ir.  all  cases  of  subcritlcal  outflow 
free,  the  standard  converging  nozzles  and  also  in  cases  of  supercritica 
utflow  from  Laval  nozzles,  calculated  on  total  expansion  of  the 

7.3-2.  Efficiency  of  the  Jet  I.'czzle 
The  ratio  of  the  kinetic  e-ergy  of  1  kg  of  gas  at  the  exit  cf 
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the  nozzle  in  the  real  process  of  outflow  to  the  kinetic  energy  of 
this  gas  in  the  adiabatic  process  of  outflow  is  the  efficiency  of 
the  jot  nozzle.  It  is  equal  to 


»1 


p.« — 


jkT_ 
AT  a 


7.3.3.  Relative  Exhaust  Pulse 


v  /'.  10) 


The  effectiveness  of  the  exhaust  system  of  the  jet  entrite  In¬ 
frequently  estimated  by  its  relative  exhaust  pulse.  The  relative 
exhaust  pulse  is  understood  as  the  ratio  of  the  real  exhaust  pulse 
(wltn  an  allowance  for  hydraulic  and  gas-dynamic  losses  and  also 
losses  of  the  overexpansion  or  underexpansion  of  gas  in  the  nozzle) 
to  the  theoretically  highest  possible  exhaust  pulse  with  complete 
isentropic  expasion  of  the  gas.  In  this  case 


,  —<■*+/  (H  - 

/  _  n  —  & 


where  r/^Pi-P.)  —  real  discharge  pulse; 


(7.11) 


/  0  , 

1  j(  i*  1 » 83 


theoretically  highest  possible  (ideal) 
pulse ; 


<3^  —  real  velocity  of  outflow  from  the  nozzle; 


°b(Mfl) 


—  theoretically  highest  possible  velocity  of 
outflow  from  the  nozzle. 


Thus,  the  relative  discharge  pulse  Is  nothing  less  than  the 
given  coefficient  of  velocity  <|>q,  which  considers  all  forms  of 
losses  in  the  nozzle,  including  partial  load  operating  conditions. 

Let  us  express  now  the  relative  thrust  losses  in  terms  of 
the  discharge  pulse  (1-$Q) 


We  have: 


/?™/» — ft,  and  Rn^fsam — /* 


ideal  and  real  thrusts  respectively; 
inlet  pulse. 

Then 


where  R  and  R  - 
"A 


/ a*  -I  — 


A/?  — 


SR 

*(«*> 


^nl  ~~  fj 


or 


Atf=» 


1  —  To 


I  -To 


(7.12) 


Prom  expression  (7.12)  it  follows  that  on  the  test  stand  (when 
the  inlet  pulse  is  equal  to  zero)  the  relative  thrust  losses  is 
exactly  equal  to  losses  of  the  relative  discharge  pulse. 


At  a  high  flight  speed,  when  magnitudes  of  the  inlet  and  exhaust 
pulses  are  distinguished  little  from  each  other,  a  small  change  in 
the  parameter  can  very  greatly  affect  the  magnitude  of  the  thrust; 
at  these  velocities  each  percent  of  the  change  in  the  coefficient 
of  velocity  of  the  nozzle  can  correspond  to  the  change  in  thrust 
of  3-5Z  and  more. 

Figure  7.2  shows  the  effect  of  on  AF.  From  this  graph  it 
follows  that  the  5-percent  lowering  of  the  velocity  of  outflow  from 
the  nozzle  causes: 


1)  on  the  test  stand  (MQ  ■  0)  —  drop  in  thrust  of  5J; 

2)  with  transition  through  the  speed  of  sound  (MQ  -  1.2) 
drop  in  thrust  of  8Z; 
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3)  in  cruising  supersonic  flight  conditions  (Mq  *  2.2)  —  drop 
in  thrust  of  14?. 


Fig.  7.2.  Dependence  of  looses 

of  relative  thrust  on  losses  of 
relative  exhaust  pulse  for  di fferent 
M„  numbers. 


7 . 4 .  Control  of  Process  of  Work  of  Engine 

The  presence  of  a  regulator  of  the  critical  section  of  the  jet 
nozzle  makes  It  possible  to  change  the  regime  of  operation  of  the 
engine  (temperature  of  the  gas  in  front  of  the  turbine,  degree  of 
compression  of  the  compressor,  number  of  revolutions),  improve 
the  economy  of  the  engine,  increase  temporarily  the  thrust  of  the 
Jet  engine  and  so  on.  At  the  same  time,  by  regulating  the  nozzle 
throat,  it  is  possible  with  short-term  switching  on  or  switching 
off  of  the  afterburner  to  provide  invariability  to  operating 
conditions  of  tne  turbocompressor  part  of  the  engine. 

7 . '1 . 1 .  Equation  of  Joint  Operation  of  Turbine  and 
Jet  Nozzle  of  the  Turbojet  Engine 

Let  us  examine  how  control  of  the  critical  nozzle  affect  the 
regime  of  operation  of  the  engine. 

For  tnis  purpose  let  us  formulate  the  equation  of  flow  for 
critical  sections  of  the  nozzle  apparatus  of  the  turbine  nozzle  box 
assembly  [s.a.J  (c.a.)  and  Jet  nozzle  (5-5). 

We  have : 
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or 


tn. 


r*.. 


VK, 


/.  «v(x«  — -  Anh\ 

YK 


Ol* 


•  * 
W.I 

v»r 


•  • 
A«5«.j 


j/ 


(7.13) 


lioro  we  assume  that  the  temperature  In  the  critical  section  of 

„..u  Jet  nozzle  can  be  higher  than  that  in  the  turbine  cavity  (as  a 

result  of  the  preheating  of  the  gas  in  the  afterburner,  i.e., 

#  «  #  . 

Tr  *  T , ) :  it  can  be  lower  than  T>,  (as  a  result  of  the  heat  removal 
o  <P  #  ^  # 

in  the  extension  pipe,  i.e.,  2V  *  T  ). 

P  X 

p9  i  7*3 

Then,  substituting  into  expression  ( 7*  13)  ~r— **  and  " 

Pi  '  4 

and  assuming  that  in  operating  regimes  ^().t  <)=l,  we  obtain 


/*.. 


(7.14) 


In  the  absence  of  an  afterburner  and  with 

i  « 

of  the  exhaust  system  T ^  ■  2^;  then 


a  short  gas  channel 


(7.14a) 


From  the  expression  (7.14)  it  follows  that  a  decrease  In  the 
throat  area  of  the  nozzle  leads  to  a  lowering  of  the  drop  in  pressure 
on  the  turbine.  A  similar  action  is  produced  by  an  increase  in 
temperature  of  the  gas  at  the  exit  of  the  afterburner. 


It  is  characteristic  that  the  effect  of  the  change  in  /V  on 
»  j 

tit  is  valid  both  in  the  subcritical  and  supercritical  regions  of  the 

outflow  of  gas  from  the  Jet  nozzle. 

The  lowering  of  the  drop  in  pressures  on  the  turbine  leads  to 
a  decrease  in  the  operation  c  '  turbine.  Consequently,  the 
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the  balance  of  operations  of  the  turbine  compressor  is  disrupted 
(L  <  L  ),  and  the  number  of  revolutions  of  the  turboccmpressor 
must  be  decreased,  however,  the  regulator  of  involution.;  of  the 
engine  interlinked  with  the  automatic  fuel  metering  increases  the 

supply  of  fuel  and  increases  it  so  much  that  the  operation  of  the 

* 

turbine  at  a  new,  increased  value  T ^  will  be  equal  to  the  operation 
of  the  compressor.  It  is  characteristic  that  the  new  equilibrium 
regime  of  operation  of  the  TRD  will  be  determined  at  a  higher  value 
of  compression  ratio  of  the  compressor.  1 

From  formula  (7.1^)  there  is  one  more,  very  important,  conclusion, 
and  this  is  that  with  an  increase  in  the  velocity  of  outflow  in  the 
critical  section  and  with  the  approach  of  it  to  the  speed  of  sound 
(i.e.,  with  an  increase  A ^  -*■  i  and  q(X^)  ■*  1)  the  drop  in  pressures 
in  the  turbine  continuously  grows,  approaching  a  certain  limiting 
value . 

I.f  the  velocity  of  outflow  in  the  critical  section  becomes  equal 
to  the  speed  of  sound  (i.e.,  the  jet  nozzle  becomes  "choked"  on  the 
gas  flow),  then  the  drop  in  pressures  in  the  turbine  remains  constant, 
independent  of  the  flight  conditions  (speed  and  altitude)  and  the 

regime  of  operation  of  the  engine  (number  of  its  revolutions), 

« 

i.e.,  when  =  1  we  have  tt^.  =  const.  In  other  words,  choking  of 
the  Jet  nozzle  and  turbine  (with  respect  to  the  drop  in  pressures) 
approaches  simultaneously . 

7.5.  Adjustment  of  the  Jet  Nozzle  at 
Supersonic  Flight  Speeds 

With  an  increase  in  the  flight  speeds  available  drop  in  pressures 
in  the  jet  nozzle  grows: 


TI*  c  (0) ; 


P* 


"v-Vk.c 


Pm 


~.T. 


‘For  more  detail  on  this  see  Section  10. 3. 
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and  it  grows  in  proportion  to  the  total  compression  ratio1  tt  . 

0 

Use  of  the  standard  converging  nozzle  at  great  flight  speeds  will 
lead  to  great  losses  of  thrust  due  to  the  underexpansion  of  flow, 
and  the  higher  the  flight  speed,  the  greater  the  losses  of  thrust 
will  be.  To  ensure  complete  expansion  of  the  gas  at  all  flight 
speeds,  and  mainly  at  great  supersonic  velocities,  the  jet  nozzle 
must  be  made  converging  and  enlarging  (the  type  of  Laval  nozzle)  with 
an  adjustable  ratio  of  exhaust  section  of  the  nozzle  to  its 
critical  section: 


7  —  =»  var  —  f 

/«p 

The  greater  the  Mn  number  of  flight,  and,  conseqeuntly , .the 

u  P\ 

greater  the  triggered  drop  of  pressures  in  the  nozzle  - . 

IPimP  «) 

the  higher  the  required  ratio  of  the  exhaust  section  of  the  nozzle 
to  the  critical  section  ,  and  the  more  it  is  necessary  to 

"open"  the  exhaust  section 

Figure  7.3  shows  the  possible  relative  increase  in  the  thrust 
during  the  transition  from  the  converging  nozzle  to  variable-area 
nozzle  of  the  Laval  type  of  nozzle  depending  on  the  MQ  number  of 
flight  (curve  1). 

When  Mq  *=  1  the  gain  in  thrust  is  AR  ■ 
when  MQ  -  1.5  ”  "  "  "  "  AR  ■=  10*; 

when  MQ  -  2.0  "  "  "  "  "  AR  =  18*; 

when  MQ  -  2.5  "  "  "  "  "  A R  «  30*. 

Thus,  the  Jet  engine  must  be  equipped  with  a  variable-area  Jet 
nozzle  of  the  Laval  type  of  nozzle. 


^hen  o(Ac)  *  1  we  have  tt  =  const, 
p  t 
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It  is  possible  to  select  for  the  engine  a  simple  unregulated 
jet  Laval  nozzle  so  that  it  would  prove  to  be  optimum  at  a  max  I  mu:!: 

Mq  number  of  flight  (for  example,  MQ  =  2.5);  such  a  nozzle  wIIj 
operate  poorly  at  Mq  numbers  less  than  the  maximum,  v.  1th  drops 

in  pressures  less  than  the  rated.  The  less  the  Mn  number  of  flight, 
the  less  the  required  valves  fn/f  >  and  the  more  the  so-called 

J  H  p 

degree  of  overexpansion  of  the  nozzle  will  be. 

The  process  of  outflow  of  gas  from  the  Laval  nozzle  in  the 
regime  of  overexpansion1  is  characterized  in  a  number  of  cases  by 
the  formation  inside  the  nozzle  of  a  normal  A-shaped  shock  wave, 
behind  which  subsonic  flow  is  established,  just  as  in  the  diffuser. 


The  less  the  Mq  number  of  flight,  the  deeper  the  shock  enters 
inside  the  nozzle,  the  less  the  velocity  of  outflow  of  gas  from  the 
nozzle,  and  the  more  the  relative  thrust  losses  will  be. 


Figure  7.3  shows  the  change  in  thrust  of  the  ThL>  during  the 

transition  from  a  converging  nozzle  to  a  fixed-area  Laval  nozzle, 

selected  for  Mn ,  .  *  2.5  (curve  2).  As  we  see,  when  M,,  *  0  the 

O(pacs)  ’  0 

fixed-area  of  Laval  nozzle  leads  to  an  8-percent  relative  drop  in 
thrust . 


Fig.  7.3.  Increase  in  thrust  of 
a  jet  engine  obtained  with  sub¬ 
stitution  of  the  converging  Jet 
nozzle  by  variable-area  and 
fixed-area  Laval  nozzles:  i  - 
variable-area  Laval  nuzzle  ; 

2  -  fixed-area  Laval  nozzle. 


‘in  this  case  separation  of  flow  from  the  walls  are  possible. 
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Thus,  from  Fig.  7.3  it  follows  that  the  fixed-area  nozzles  (both 
the  converging,  and  Laval  nozzles),  intended  for  operation  over  a 
wide  range  MQ  numbers  of  flight,  are  characterized  by  great  losses 
in  thrust:  first  -  at  great  supersonic  MQ  numbers,  second  -  with 
operation  on  the  test  stand  and,  to  a  lesser  degree,  at  subsonic 
and  supersonic  flight  speeds.  Jet  nozzles  of  engines  of  supersonic 
aircraft  must  be  made  variable-area ;  and  both  the  critical  section 
of  the  nozzle  and  its  exhaust  section  should  be  regulated. 

T; oup<.  rsonic  nozzle  with  mechanical  adjustment  is  complex  in 
-trol  ana  possesses  much  weight.  The  use  of  nozzles  with  aerodynamic 
adjustment  -  the  so-called  ejector  nozzles  is  most  rational. 

Adjustment  of  the  critical  section  of  the  nozzle  makes  it 
oossible  to  change  the  regime  of  operation  of  the  turbo-compressor 
or  maintain  it  constant.  Adjustment  of  the  exhaust  3ectJ on  of  the 
nozzle  provides  complete  and  optimum  expansion  of  the  gas  in  all 
regimes  of  flight  and  operation  of  the  engine. 

7-5.1.  Determination  of  Losses  of  Thrust  Which  Appear 
as  a  Result  of  the  Incomplete  Expansion  Gas  in  the 
Jet  Nozzle  TRD  (4>  .  -  1;  ♦-,  <  1) 

p  •  c  u 

Let  us  assume  in  general  parameters  of  gas  at  inlet  of  the 

•  i 

Jet  nozzle  and  and  also  the  external  counterpressure  p^. 

Let  us  express  j  and  ^  [see  equation  (7.11)]  in  terms  cf 

gas-dynamic  functions  Xc  ,  s(X^)  and  r,(A,,  r\). 

We  obtain 

2*-tig/?r;.  (7.15) 

Further  let  us  transform  expression 

/./•-_  _t  »'»’«..■> vn  (7a6) 

fl/jf  mrl/sflh) 
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Let  us  present  also  the  ideal  velocity  a 


in  the  form 


5  (ha) 


2* 


w.>. 


Then,  after  the  appropriate  substitutions  in  formula  (7.11) 
with  the  help  of  expressions  (7.1b),  (7.16)  and  (7.17),  we  obtain 


/;_ — ! — [jL±JL  ^i). 

/s  *s«-„  *  s)  ffltT  - J 


(7.18) 


For  fc  ■  1.33  we  have: 


m* 


■  I  ,30  and  -*  -  1 ,75. 


Then 


/j  -_T?  f  1 .7=5^  (X4)  _  1 .39  . 

l  f(*»)  J 


(7. 19) 


From  expression  (7.19)  it  follows  that  the  relative  loss  in 
the  exhaust  pulse  depends  only  on  the  correlation  of  the  available 
degree  of  expansion  in  the  Jet  nozzle  and  realized 

/  P\  \  '  *• ' 

expansion  ratio  l.ir.c  =■  --J .  or  on  the  correlation  of  parameters 

A,  ,  s  and  A  . 
b(‘iA)  ; 


If  into  formula  (7.19)  we  substitute  ■  1,  then  we  will 
obtain  the  expression  for  determining  the  loss  in  relative  pulse 
with  the  use  of  the  standard  (converging)  nozzle  instead  of  the 
Laval  nozzle. 


7<=3  1 ,75  ~ 1  .  (7.20) 

Figure  7 . L  shows  the  effect  of  the  available  drop  In  pressures 
.ipr to*--pjp»  and  mq  number  of  flight  on  losses  in  thrust  Aft  in  the  case 
of  the  use  of  simple  converging  nozzles. 


•  ig .  7.^.  Effect  of  the  available  drop  in 
pressures  and  Mg  number  of  flight  on  looses 

in  thrust  in  the  case  of  the  use  of  converging 
nozzles . 


i 


figure  7.r  shews  the  relative  thrust  losses  of  fixed-area 
•.  xn -.us  l  riva  nozzles  with  a  different  expansion  ratio  of  the 
supers 'nic  par*  *  j\/fH p  depending  o".  the  available  drop  In 
pressures  -Vcio. -#//>„  ir.  regimes  of  underexpans  ion  and  overexpansions. 


In  design  conditions  AF  »  0 .  When  *  1  (converging  nozzle) 
with  an  increase  in  losses  of  underexpansion  continuously 

rr.w.  Wren  ~  •  •  (Laval  nozzle  with  t  ,  s  ■  18)  with  a  decrease 

Inn  *  lesser  of  overexpansicn  grow. 


Fig.  7.5.  Relative  losses  of 
thrust  of  fixed-area  Laval  nozzles 
depending  on  the  available  drop 
in  pressures. 
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Fig.  7.6.  Determination  cf  ten 
stand  thrust  of  a  TRD  according 
to  the  measured  total  pressure 
behind  the  turbine. 


given  pulse  I/p  arid  then,  knowing  the  area  of  the  exhaust 
section  of  the  nozzle  find  the  total  exhaust  pulse. 

7 • 6 .  Gas-Dynamic  and  Design  Diagrams  of  Jet  Nozzles 

.let  nozzle;  on  their  gas-dynamic  and  design  peculiarities  are 
subdivided  into:  converging,  fixed-area  nozzles  of  the  Laval  typ«3 
of  nozzle  (including  with  special  shaping  the  supersonic  parti, 
nozzles  with  a  central  body,  naval  nozzles  with  mechanical  adjustment, 
of  the  critical  and  exhaust  sections,  and  ejector  nozzles  (with 
aerodynamic  adj ustment ) . 

Converging  nozzles  are  used  when  Mn  <  1.5,  fixed-area  Laval 
nozzles  -  when  <  1.0,  and  ejector  nozzles  -  MQ  >  2.0. 

The  subsonic  jet  nozzle  (Fig.  7*7)  is  in  the  simplest  case 
(see  Fig.  1  .I'd)  an  annular  converging  channel,  formed  by  an  interval 
fixed  cone  and  external  housing.  For  rectification  of  the  flow 
outgoing  from  the  turbine  in  a  number  of  cases  with  considerable 
twist  (up  to  10-15° ),  and,  consequently,  for  the  purpose  of  using 
e  circumferential  component  of  velocity  ,  in  the  Jet  nozzle 
aligning  streamlined  bars  are  .■  'times  installed. 
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Fig.  7.7.  Design  diagrams  of 
jet  nozzles. 


One  should,  however,  keep  in  mind  that  the  use  ol'  the  aligning 
lattice  for  the  swirling  flow  of  gas  in  the  turbine  is  irrational. 
Such  a  lattice  can  be  made  only  in  the  diffusion  form  (Fig.  7.8); 
tne  flow  in  it  is  characterized  by  considerable  hydraulic  losses. 


Fig.  7.8.  Diagram  of  aligning 
turbine  lattice. 


The  less  the  losses  in  the  Jet  nozzle,  the  less  its  length. 
However,  in  a  number  of  cases  peculiarities  of  the  arrangement  of 
the  THD  on  an  aircraft  require  the  use  of  long  pipelines  (up  to 
^-7  m  and  more)  for  rejection  of  exhaust  gases  outside.  It  is 
obvious  that  the  gas  flow  with  high  velocities  (b00-600  m/3)  over 
such  long  connections  would  lead  to  great  losses  in  kinetic  energy 
for  the  jvercoming  of  friction,  as  a  result  of  which  reactive  thrust 
would  be  decreased  considerably. 

Therefore,  the  Jet  nozzle  of  the  TRD  sometimes  is  made  of  two 
elements  (see  Fig.  7* 7b):  transitional  chamber  (diffuser)  and 
inherent  Jet  adapter.  In  the  diffuser  there  occurs  a  decrease  in 
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•  !>•  ;•  city  of  outflow  (and  corresponding  increase  in  the  gas 

f  rosoure ) ,  as  a  result  of  which  with  installation  of  the  intermediate 
extension  pipe  up  to  the  Jet  adapter  losses  of  friction  proportional 
U  i  In  .  ju'.re  of  the  velocity  are  decreased  by  far.  Pinal  accelera¬ 
tion  of  lit.,  aas  in  tne  short  reactive  adapter  is  carried  out  without 
Ionov  o,  in  practice  along  the  isentrope. 

y.G.i.  Jet  Nozzle  with  a  Central  Body 

/>  ie  with  a  central  body  consists  of  a  profiled  central 

mn1.:  need]?)  and  external  casing  (crown). 

A'.ijus  ment  of  the  critical  section  of  such  nozzles  can  be 
carried  <  ut  either  ny  means  of  moving  the  central  body  in  an  axial 
direction  or  by  means  of  the  opening  (covering  of  shutters  on  the 

1  np  )  . 

Adjustment  of  the  exhaust  station  of  the  nozzle  is  achieved,  for 
example,  by  means  turning  the  flow  relative  to  the  angular  point. 
Waves  of  rare  faction  outgoing  from  this  point  form  one  family  of 
chariot,  rial) rs .  In  the  nozzle  presented  in  Pig.  7-9  regime  of 
c  v  rexp a:isl .  t  practically  do  not  appear.  Such  a  reactive  nozzle 
operates  similar  to  the  nozzle  box  of  a  turbine  with  slanting  section 
(line  AB  -  generatrix  of  the  cone  of  the  section) , 

Pig.  7.9*  Jet  nozzle  with  a 
central  body. 


e 


The  .maximum  expansion  ratio  of  the  nozzle,  depicted  in  Fig.  7.9, 
.mould  no  'jjiiii i  ,  -r  a  as  tho  ratio  of  the  cross  section  of  the 
Jet,  which  has  a  diameter  equal  to  the  diameter  of  the  exhaust 
;■<  Jtlou  (c-e)  ».f  the  casing,  to  the  area  of  the  critical  section 

f  tin.  i:o 1  e  ,  1  ,e  .  , 
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xhe  basic  advantage  of  nozzles  with  a  central  body  is  their 
less  length  (  in  comparison  with  Laval  nozzles  equipped  with  rigid 
walls),  and  also  the  automatic  adjustment  of  the  expansion  ratio. 

A  disadvantage  of  these  nozzles  is  the  difficulty  of  the  realization 
of  their  reliable  cooling. 


7 .6.2.  Ejector  Jet  Nozzle 


An  ejector  nozzle  (Fig.  7.10)  consists  of  the  usual  converging 
nozzle  and  a  cylindrical  or  conic  casing  (crown)  concentrically 
installed  around  it.  The  casing  can  have  a  special  profile  and 
ii  :et  ar.d  exhaust  system. 


Fig.  7.10.  Ejector  Jet  Nozzle. 


From  the  converging  nozzle  ejecting  (active;  gas  of  high 
pressure,  usually  with  critical  velocity  flows  out.  Entering  into 

t 

the  annular  cavity,  formed  by  the  external  surface  of  the  nozzle 
and  Internal  surface  of  the  casing  (crown),  with  subsonic  velocity 
is  the  ejected  external  atmospheric  air  or  high-pressure  air  Jet, 
bled  from  the  compressor  or  air  intake  of  the  engine  (passive 
gas).  The  combination  of  the  converging  nozzle  and  external 
cylindrical  casing  resembles  a  shortened  ejector  (without  a  long 
mixing  chamber). 

The  principle  of  operation  of  ejector  nozzle  consis's  in  the 
fallowing.  In  a  supercritical  regime  of  operation,  Jet  of  active 
gas  flowing  from  the  converging  nozzle  is  expanded  in  accompanying 
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:  1  :  flew ,  acquiring  the  form  of  the  diverging  part  of  the  Laval 
nozzie  with  "liquid"  walls.  Along  this  jet  there  is  a  further 
.jci'-lrrati >  n  of  the  flow  and  also  lowering  of  the  temperature  and 

ur*.  f  tn<-  g..s . 

:  I'  •  i.f-  casing  has  a  cylindrical  form,  the  increase  in  flow 
.  ecti  u  areas  of  the  active  jet  of  gas  leads  to  a 

oii  wi  a  l  i  e  passive  subsonic  jet,  along  which  the  velocity 
■r.ii<iiil  ■  !*«*•».  orid  the  temperature  and  pressure  of  the  air 

’*  1  •  J  %  . 


/'.i  itiio  .  ection  (of  "equal  pressures")  the  static  pressures 

’i-  .i.'.  it . •  i  passive  gas  are  equalised  (ppH  ■  Pon  *  P->»  see 

’•In. 

In  .  i.il:  :.i!n  of  the  operation  of  the  ejector  nozzle 

!n  t  in.  .i-eiloi  I  oil  [."t  .'.sures  on  the  section  of  the  nozzle 
•AUrual  pressure  (;  ■  p  ^ )  is  established.  Such  expansion  of  the 

gas  it  tli  nozzle  will  be  complete. 

Let  u.'  wilt  the  expression  of  thrust  of  an  engine  with  an 
•*  l-ct  :  1.1,0'.'  In  the  regime  of  complete  expansion  of  the  gas, 

•  ■  u.'  r  a  *  toe  magnitude  j£  the  obtained  thrust  with  the 

M'u.-.t  .  !  e  i  giro  equipped  with  the  standard  converging  nozzle. 

u.  '  -aU  to  control  surface  (see  Fig.  7.10)  encompassing 
•.  r-  i  mi  :  i  iv  ill.  of  t !  i  e*  total  jet  flowing  into  the  engine  and 

ir'i  ijec'or  circuit  \*. a  limited  by  sections  of  undisturbed  flow 

unu  ciu'.l  p ro. j.-. ui 'Cos  (e-c). 

;  i."  i.-t  I*  Ui  *  '1HL  with  the  ejector  nozzle  will  be 

u  /  W •  ,  i  ^  \  l^i  4-  Will  i/ 

><,  r-i<)  r  '  ~~  "• 

r  *.  y  —  1')+"-  — y). 

*  ^1 
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(7.26) 

(7.27) 


It  is  easy  to  see  that  the  thrust  of  the  engine  with  an  ejector 
nozzle  is  less  than  the  thrust  of  the  engine  with  a  rated  mechanical 
Laval  nozzle,  i.e., 


Ra^Ra, 

since  the  thrust  of  the  passive  jet  with  an  allowance  for  losses 
of  friction,  is  negative  and  acts  in  a  direction  opposite  to  the 
direction  of  flight.  Actually,  from  equality  (p  =  p  )  it  follows 
that 


£n(c)<  V. 


At  the  same  time,  an  analysis  of  expression  (7.27)  shows  that 
the  thrust  of  the  engine  with  an  ejector  nozzle  is  greater  than 
the  thrust  of  an  engine  with  the  standing  converging  nozzle. 
Actually,  at  cylindrical  casing  the  total  impulse  of  flows  In 
sections  1  and  11  (see  Fig.  7*10)  are  equal,  i.e., 

/|l<«)  +  /ll(n)  —  / IIS  =  / 1<«)  +■  /|(n)  =  /|I.  (  I  •  28) 

However,  the  momentum  of  passive  gas  in  section  I  is  more 
than  that  in  section  II,  in  contrast  to  the  momentum  of  active  gas, 
which  is  more  in  section  II,  i.e., 


/ll(a)—/i(a)>0. 


Consequently , 


rK»>  j  -f/i,(pi,  —  /?„). 

It  is  known  that  the  cylindrical  casing  does  not  create 
thrust,  since  it  cannot  absorb  axial  forces  (forces  of  normal 
pressure  are  directed  in  radial  directions  perpendicular  to  the 
casing). 

How  in  this  case  is  it  possible  to  explain  physically  the 
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1  Had  sijutabie  increase  in  the  exhaust  pulse  of  the  engine  equipped 
with  a  cylindrical  ejector  casing? 

An  Increase  in  the  exhaust  pulse  of  the  converging  nozzle  in 
the  presence  of  an  ejector  crown  is  explained  oy  the  increase  in 
nressur''  of  the  passive  flow,  which  is  imparted  to  the  external 
surface  of  the  coverging  nozzle.  As  a  result  of  this  there  appears 
an  additional  axial  component  forces  of  pressure,  which  acts  in  the 
direction  of  flight  and  which  increases  the  thrust  of  the  TRD. 

Raised  static  .  rtssure  of  passive  gas  appears  in  flight  with 
-utica  of  the  flow,  which  has  quite  high  velocity. 

Let  us  examine  now  the  operation  of  the  ejector  nozzle  in 

nnca luulated  pressure  differentials  (Fig.  7.11b).  With  a  decrease 

» 

ai  t  no  available  drop  in  pressures  Pii/pH  in  the  nozzle  of  the  active 
ga..  (for  example,  due  to  a  decrease  in  the  flight  speed)  the  section 
of  equal  pressures  approaches  the  mouth  of  the  converging  nozzle, 
and  exhaust  section  of  the  expanding  jet  is  decreased.  A  change  in 
;  depends  on  parameters  of  the  passive  Jet  -  consumption  of 

pressure  and  of  temperature  of  the  braked  flow. 

With  a  further  decrease  in  the  pressure  differential  the 
section  of  equal  pressures  car.  coincide  with  the  section  of  the 
converging  nozzle.  In  this  case  the  jet  of  the  active  gas  will 
have  a  cylindrical  shape  (see  Fig.  7.11a). 

Fig.  7.11.  Operation  of  the 
ejector  nozzle  in  various 
regimes:  a,  b)  sub  critical 

regimes;  c)  critical  regimes; 
d)  regime  of  choking. 


With  an  increase  in  the  drop  in  pressures  (which  corresponds  to 
an  increase  in  the  flight  speeds)  the  section  of  equal  pressures 
will  move  away  from  the  mouth  of  the  nozzle,  and  tne  velocity  of 
the  active  and  passive  gas  in  this  section  will  increase.  At  a 
definite  magnitude  of  the  drop  in  pressures,  the  velocity  of  the 
passive  gas  bec'v.as  critical.  Such  a  regime  of  operation  of  the 
ejector  nozzle  is  called  critical  (see  Pig.  7.11c).  If  the  drop 
of  pressures  increases  even  more,  then  the  expanding  active  jet  can 
fill  the  whole  available  section  of  the  ejector  circuit,  in  tnis 
case  (see  Pig.  7.11d)  the  flow  of  passive  gas  becomes  equal  to  zero. 
Such  a  regime  of  operation  of  the  nozzle  is  called  regime  of 
choking . 

Thus,  with  a  change  in  the  regime  of  operation  of  the  ejector 
nuzzle  automatic  control  of  its  passage  sections  occurs. 

In  conclusion  one  should  note  the  fundamental  distinction  in  the 
operation  of  the  ejector  and  ejector  nozzle.  In  the  ejector  an 
increase  in  the  thrust  occurs  because  of  the  addition  of  additional 
masses  of  gas,  which  as  a  result  of  the  energy  change  in  the  process 
of  mixing  between  the  active  and  passive  gas  acceleration  is  obtained. 

In  the  ejector  nozzle  the  mixing  of  flows  and  the  exchange 
of  energy  between  them  do  not  occur.  An  increase  in  thrust  is 
accomplished  as  a  result  of  the  additional  expansion  of  gas  in  the 
supersonic  nozzle  with  gas-dynamic  control  of  its  liquid  walls. 

7.6.3.  Comparison  of  the  Effectiveness 
of  Various  Reactive  Nozzles 

Figure  7.12  gives  results  of  the  experimental  investigation 
of  the  effectiveness  of  various  nozzles  In  the  form  of  dependences 
of  the  relative  exhaust  pulse  with  the  available  drop  in  pressures 
in  the  nozzle  (:tp.c«»~P«*/Pii). 

Curve  1  is  the  change  in  relative  exhaust  pulse  of  the  standard 
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Fig.  7.12.  Effectiveness  of  various 
Jet  nozzles  on  partial  load  conditions: 
1  —  converging  nozzle;  2  -  fixed- 
area  of  Laval  nozzle;  3  -  shortened 
fixed-area  of  Laval  nozzle;  4  -  ejector 
nozzle . 


converging  nozzle.  With  an  increase  in  the  drop  in  pressures  in  the 

nozzle  the  coefficient  <f>Q  continuously  drops.  Being  very  high 

( d)  =  n.97)  when  n  *  2  (regime  of  expectation  of  landing  of 

aircraft  at  subsonic  speed),  it  is  lowered  to  *  0.89  at 

n  «  15  (Mn  ■  2.2). 
p .  c  0 

Curve  2  refers  to  the  fixed-area  Laval  nozzle  with  complete 
expansion  selected  for  MQ  =  2.2.  3uch  a  nozzle  with  an  expansion 
ratio  of  the  supersonic  part  of  the  nozzle  h~fillw=‘2fi  has  a  very 
high  value  (<f>0  *  0.97)  In  the  rated  regime  U  *  15)  and  badly 
works  at  subsonic  flight  speeds.  Thus,  for  instance,  for  Trp.c  *  2 
we  find  that  4>Q  <  0.8. 

Curve  3  shows  a  change  in  coefficient  4*g  of  a  shortened  fixed- 
area  Laval  nozzle  with  a  expansion  ratio  -  1.69.  Such  a  nozzle 
when  Mq  =  2.2  has  a  reduced  value  of  4-’g  U0  =  0-94). 

Finally,  the  use  of  an  ejector  nozzle  (curve  4)  with  an 
Insignificant  coefficient  of  ejection  (y  =  0.05)  makes  it  possible 
to  avoid  the  dip  formed  by  curve  2  at  subsonic  speeds  and  provide 
a  high  exhaust  pulse  at  supersonic  flight  speeds. 
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Thus,  the  ejector  nozzle  has  the  best  thrust  characteristics. 
With  an  increase  in  the  Mq  numbers  of  flight  characteristics  o 1 
such  a  nozzle  are  improved. 


It  should  be  noted  once  again  that  losses  of  thrust  at  high 
flight  speeds  (with  an  allowance  for  the  input  pulse)  considerably 
exceed  losses  in  the  exhaust  pulse. 


Figure  7.13  gives  a  diagram  and  principle 
perfected  ejector  nozzle  with  three  adjustable 


of  operation  of  a 
elements : 


1)  variable-area  nozzle  of  active  flow; 


2)  adjustable  exhaust  shutters  of  the  ejector*  nozzle; 


3)  adjustable  inlet  ports  for  external  air. 


•  *  • .  • 


•  ’.J  :.!••••  •  ••  •••,%  .  •  •  • .  • 


Fig.  7.13.  Diagram  and  principle 
of  operation  of  the  ejector 
nozzle  with  three  adjustable 
elements:  1  —  altitude;  2  - 

flight  at  cruising  speed. 


7*7.  Concept  on  Base  (Stern)  Drag  of  the 
Exhaust  System  of  the  Engine 

Base  (stem)  dvay  of  the  exhaust  system  of  the  engine  is 
understood  as  the  force  of  resistance  to  flight,  conditioned  by 
the  appearance  of  stagnant  zones  of  reduced  pressure  (so-called 
"base  pressure"  in  the  stern  part  of  the  nozzle  for  various  end 
surfaces,  and  also  on  the  external  surface  of  the  casing  of  the 
engine  nacelle  adjacent  to  the  jet  nozzle. 

The  base  resistance  usually  appears  on  supersonic  or  low 
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supersonic  flight  speeds  of  reactive  nozzles  calculated  for  great 
supersonic  MQ  numbers  of  flight. 

The  physical  essence  of  the  base  resistance  is  that  at  reduced 
uncalcualted  pressure  differentials  the  jet  stream  flowing  from 
nozzle  is  not  in  a  state  to  fill  the  whole  available  exhaust  section 
of  the  nozzle,  and,  consequently,  in  the  stern  part  of  the  exhaust 
system  zones  of  reduced  pressure  are  formed. 

The  base  resistance,  in  accordance  with  expression  (3*9)  is 
;  ? rmlned  by  formula 

(P~PJdf*  (7-29) 

'M*n 


where  r  -  "base"  pressure; 
f  -  "base"  area. 

J  AO H 

The  more  the  base  area  and  the  lower  the  base  pressure,  the 
more  the  base  (stern)  drag. 

Let  us  give  several  examples  of  the  appearance  of  base  pressure. 

7.7.1.  Outflow  of  Gas  From  the  Laval  Nozzle 
with  Reduced  Drops  in  Pressures 
(Regimes  of  Overexpansion) 

Let  us  assume  that  the  reactive  nozzle  is  calculated  for 
number  (.-Tp,ci=30)  •  and  is  made  as  a  variable  Laval  nozzle 

(/s//kp  =7  =  4.0). 


Let  us  note  that  the  exhaust  maximum  section  of  the  nozzle 
determines  the  outer  diameter  (mid-section)  of  the  engine  nacelle. 

.•.’hen  Mq  =  1.0  the  pressure  differential  in  the  nozzle  is  about  4 

and  the  relative  necessary  area  of  the  section  of  the  nozzle  (/  =  1.25) 

is  by  far  less  than  when  Mq  *  3. 
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If  the  expanding  part  of  the  nozzle  is  adjusted  when  MQ  *  1.0 
to  ensure  complete  expansion  of  the  gas,  then  the  difference  between 
fimiM,  J.O,  and  /  hmm.Mo  -  i,o)  "ba.a"  area  with  r-Jj-aa  ;  re.:  :  (Fig.  a,' 

which  will  cause  considerable  additional  resistance  of  the  engine 
nacelle . 

If  the  Laval  nozzle  is  fixed-area,  nozzle  and  in  the  regime 

of  overexoansion  of  the  nozzle  ( tr  =  4.0)  there  occurs  separation 

p .  c 

of  the  supersonic  flow  from  walls  of  the  nozzle  (see  Fig.  7,l4b), 
then  in  the  space  of  the  nozzle  unfilled  by  the  Jet  reduced  pressure 
will,  be  established.  This  reduced  pressure,  being  imparted  on  walls 
and  the  base  area,  again  will  condition  the  appearance  of  considerable 
base  arag . 


b)  d) 

Fig.  7.14.  determination  of  "base"  pressure 
of  a  Jet  nozzle:  a)  shutters  of  Jet  nozzle 
in  subsonic  position;  b)  separation  of  flow 
from  walls  of  Jet  nozzle;  c)  stern  shock  on 
external  surface  of  the  nozzle;  d)  ejecting 
of  air  inside  jet  nozzle. 

if  we  make  the  external  surface  of  the  casing  of  the  engine 
nacelle  when  Kq  =  1.0  rotary  with  shutters  of  the  nozzle,  then 
with  flow  around  of  the  deflected  external  curved  surface  of  the 
casing  by  supersonic  flow  a  zone  of  reduced  pressure  is  formed 
(see  Fig.  7-14c),  which  will  condition  the  formation  of  base  drag. 

If,  however,  in  the  expanding  part  of  the  nozzle  in  the  regime 


of  overexpansion  there  will  not  be  any  flow  separations,  but  a  shock 
wave  will  arise,  for  which  the  entire  flow  becomes  subsonic,  then 
losses  in  thrust  will  be  approximately  commensurable  with  losses 
of  base  drag. 


7.7.2.  Outflow  from  the  Ejector  Nozzle 

The  use  of  an  ejector  nozzle  with  the  injection  of  external 
air  from  the  external  housing  through  special  ports  (slots  makes 
it  possible  t  j  fill  the  expanding  part  of  the  nozzle  and  prevent 
'n^r expansion  of  the  gas  when  Mq  =  1.0.  However,  in  this  case  in 
the  space  between  the  diameter  of  the  housing  and  external  diameter 
of  the  ej6' ■;  or  a  base  area  is  formed  (see  Fig.  7.l4d). 

Figure  7.15  gives  the  effect  of  the  rated  number  of  flight 
on  losses  of  thrust  conditioned  by  base  drag  of  the  Jet  nozzle 
during  flight  at  the  speed  of  sound  (M,  =1).  We  see  that  with 
an  increase  in  the  rated  number  M0(p)  >  1*0  the  base  drag  rapidly 
increases  (due  to  the  increase  in  base  area). 


Fig.  7.15.  Effect  of  rated 

number  of  flight  on  losses 

of  thrust  conditioned  by  the 
base  drag. 


If  when  M 


when  r'l. 


0(p) 


2  losses  in  thrust  consist  of  about 


u,  n.  *  3  they  are  equal  to  10%,  then  when  Mn ,  s 
u  ( p  >  0  ( p ) 

in  thrust  already  reach  30%. 


4.5 


,  and 
losses 
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CHAPTER  8 

MIXING  CHAMBERS  OP  THE  JET  ENGINE 

8.1.  Principles  of  the  Theory  of  the  Mixing 
of  Gas  Flows  In  the  Jet  Engine 

8.1.1.  Mixing  of  Gas  Flows  in  a  Ducted-Fan  Jot  Engine 

In  connection  with  the  development  of  a  ducted-fan  jet  engine, 
designed  for  wide  speed  ranges  of  flight,  in  recent  years  the  problem 
of  the  rational  mixing  of  gas  flows  has  received  greater  actuality. 

The  mixing  of  gas  flows  in  the  DVRD  is  used  for  various  purposes 

I)  for  the  suction  of  an  additional  mass  of  gas  from  without 
("ejection")  and,  const  juently,  for  an  increase  in  momentum  of 
flow  coming  out  f  the  .  hie.  The  appropriate  devices  are  called 
ejector  thrust  Lmensl  tiers; 

J)  for  an  exchange  of  mechanical  energy  between  ducts  of  the 
DVRD,  as  a  result  of  which  the  total  t.arust  of  the  engine  also 
increases  and  specific  flow  of  fuel  is  lowered; 

3)  for  the  design  simplification  of  the  flowing  part  of  the 
engine.  For  example,  the  unification  of  flows  of  gas  flowing  from 
ducts  of  the  DVRD  makes  it  possible  to  simply  the  exhaust  system 
of  the  engine,  having  replaced  it  by  some  variable-area  nozzle.  In 
this  case  systems  of  noise  suppression,  cooling  and  of  thrust 
reversing  are  simplified; 
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4 )  for  the  lowering  of  the  noise  level  produced  by  the  flowing 
Jet  of  gas  from  the  engine; 

5)  for  gas-dynamic  control  of  the  supersonic  jet  nozzle. 

8.1.2.  Actual  Regime  of  Mixing 

8. 1.2.1.  Physical  Model  of  the 
Mixing  of  Flows. 

Flowing  from  the  nozzle  of  the  active  (high-pressure)  gas  is 
a  jet  of  gas  of  mass  per  second  Af|=  ~  with  parameters  c?  1 and 

into  the  space,  in  which  the  passive  (low  pressure)  gas  of  mass 
per  second  Mp  =  G2/g  in  parallel  to  the  x  axis  with  parameters  <?0, 

Pp  and  T2  flows. 

In  the  case  of  subsonic  flows  (Fig.  8.1)  the  static  pressure 
in  the  initial  jets  is  equal,  i.e.,  p^  =  p2  =  p.  Parameters  of 
active  gas  in  section  1-1  and  passive  gas  in  section  2-2  are 
distributed  evenly.  Flowing  out  from  the  nozzle  into  the  surrounding 
space,  the  active  flow  spreads  as  a  free  turbulent  jet  in  the  wake 
flow,  taking  a  conic  form.  On  the  surface  of  the  cone  in  the 
boundary  layer  of  the  jet  condition  =  c2  is  observed. 


Fig.  8.1.  Physical  model  of  mixing  of  fl 
(subsonic  flow). 


Between  the  initial  section  of  chamber  2-2  and  its  final  section 
3-3  there  is  a  mixing  of  the  flows,  as  a  result  of  which  a  gradual 
averaging  and  levelling  off  is  curried  out  of  fields  of  static 
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ini  complete  flow  parameters  (velocity,  pressures  and  temperatures). 


•  i.ppt-  ir  i.'ii  .lictr.i  tut ed  over  th**  cross  r 1  cji . 

■  li.  purriv.  gar  Ly  tiu  .ict  1  v«  f.  ..  i  ..  mixi:.., 

'  '  :•  iules  of  both  flows  occur  because  of  the  presence  of  transverse 

"bn  i '-■■lit  pulsations  mainly  In  the  active  .let). 

lie  Intensity  of  the  process  of  mixing  depends  on  correlation 
:  n  ic-oy  j  et  *■*"'>  of  initial  f  1  nwr-  arid  sis  op  the  prof  i  ” 

••  t?..  ;  d.aob-r. 

i:  i  1-.  -ess  1  *  *  he  1  a  1 : :  in  ohamb-r  can  be  eendi  t  ienul  l.v  divide.: 

:  ’  '  v  ■  •  :  !/••"•  1  *  roc  i  t  ;;  of  the  nucleus  of  actlv  f  i<  w 

:  - -x l ending  boundary  layer  of  the  jet  (l^)  and  area  of  levelling 

f !'  of  parameters  of  the  mixture,  when  the  boundary  layer  envelopes 

!  //!,.  jo  of  Mi"  gar  (  . 

The  physical  model  of  mixing  of  flows  when  the  outflow  of  the 
•'  t  ve  gas  with  supersonic  velocity  somewhat  is  di stingui.uhe  i  from 
i  ‘  !•  ilnoi  above .  In  this  case  at  the  entrance  into  the  mixing 

1  ion  an  m  ;•  n  field  of  static  pressures  is  established. 

If  the  nor.-io  of  the  active  gas  is  made  converging  then  with 
ipercri  t i cal  drop  In  pressures,  the  jet  of  high-pressure  gas 
r  hi;.  .  ;  r  tin-  n  :\7  le  Is  expanded,  taking  the  ferm  of  a  natural 
i'il  no  rifle  (Kir.  d  .  ? ) .  Along  tills  expanding  part  of  the  Jet  there 
•  r irt  i  r  acceier"!  ion  of  flow  and  a  corresponding  lowering  of  the 
i \  i  ••  [•»■■  ..sure . 

At  constant  passage  sections  of  confusion  chamber  the  expansion 
f  the  supersonic  active  jet  lead  to  a  narrowing  of  the  subsonic 
et.  Along  the  latter  there  is  also  acceleration  of  flow  and  lowering 
f  the  static  pressure.  Finally,  in  a  certain  section  ( 1  *  —  2  * ) 

t  i  i 

otic  pressures  of  the  mixed  jets  are  equalized,  i.e.,  p^  =  p2  =  p  • 


17*» 


Pig.  8.2.  Physical  mode  of 
mixing  of  flows  (supersonic 
flow) . 


It  can  be  considered  that  up  to  this  section  (of  "equal  pressures") 
the  gas  Jets  flow  in  an  isolated  manner  from  each  other,  not  mixing. 

With  removal  from  the  section  of  equal  pressures,  as  numerous 
experiments  show,  there  approaches  erosion  of  the  border  of  flows 
and  nuclei  of  the  supersonic  Jet  accompanied  by  the  formation  of 
shock  waves;  gradually  fields  of  velocities,  of  total  pressures  and 
temperatures  of  the  mixture  of  gases  along  mixing  chamber  are 
equalized. 

8 . 1 . 2 . 2 .  Basic  Assumptions  and 
Concepts . 

In  the  study  of  t  ■  process  of  mixing  we  will  proceed  from  the 
following  simplifying  suppositions  and  assumptions: 

1)  initial  flows  of  gases  are  homogeneous  and  identical  in  their 
chemical  composition,  i.e.,  they  have  identical  gas  constants 

Rii=’Ri=Ri—R, 

and  specific  heats  and  specific  heat  ratios  are  also  identical,  i.e.. 


Cpi=‘Cp2=*cpj=3Cp  and  ki^kt-kj^k-, 

2)  in  sections  1,  2  and  3  parameters  of  initial  flows  and 
mixtures  are  evenly  distributed  over  the  cross  section; 


3)  specific  heats  of  the  gas  depend  on  the  temperature; 


4)  nydraulic  losses  are  absent; 

Let  us  introduce  the  following  parameters  of  mixing  and  th.-ir- 

coefficient  of  ejection; 
available  drop  in  total  pressures; 

compression  ratio  of  low-pressure  gas  in  the  mixing 
chamber; 

available  drop  in  stagnation  temperatures; 

ratio  of  velocities  of  initial  gas  flow. 

8. 1.2. 3.  Fundamental  Equations 
of  Mixing  of  Flows. 

The  basic  equations  of  mixing  of  gas  flows  refer  to  equations  of' 
continuity,  energy  and  of  momentum.  They  have  the  following  form: 

1.  Continuity  equati.n 

Gi  +  G3  =  G3i  (8.1) 

or 

Gj=G|(l  +y).  (8.2) 

2.  Equation  of  energy 

G|*t  +  Gjij  ==  G3*j,  (8.3) 

whence 


•ymbols : 


a, 

gT 

w  • 

Pi 

« 

/■j 

v™— 

f? 


r; 
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(8.4) 


n 


»+* 


For  o 


pi  °p2 


a  we  obtain 
P 


n- 


T\+vA 

>+* 


(8.5) 


3.  Equation  of  momentum  (pulse) 


Applying  to  isolated  control  surface  (see  Fig.  8.1)  the  equation 
of  the  change  in  momentum  we  obtain 

(~"  4+^./»)  +  (-^fi-l*A/i)+  \  (8.6) 

A+/. 

From  equations  (8.2),  (8.4)  and  (8.6)  it  follows  that  the  form 
(profile)  of  the  mixing  chamber  affects  only  the  momemtum  equation 
(8.6). 


Let  us  note  that  in  equation  (8.6)  the  Integral  of  static 
pressure  is  a  reaction  of  the  action  of  side  walls  of  the  chamber 
on  the  flow  of  gas. 


It  is  characteristic  that  the  momemtum  equation  automatically 
considers  specific  losses  of  kinetic  energy,  conditional  by  the 
difference  in  gas  velocities  at  the  inlet  of  the  mixing  chamber 
(o 2  *  • 


8. 1.2. 4.  Losses  in  the  Actual 
Process  of  Mixing.  Thermo¬ 
dynamics  of  the  Actual  Process 
of  Mixing. 


The  actual  process  of  mixing  is  accompanied  by  losses.  These 
include : 


a)  losses  of  diffusion; 

b)  losses  of  kinetic  energy  with  mixing; 
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c)  hydraulic  and  gas-dynamic  losses  in  ail  elements  of  the 
ejector  (Including  in  nozzles  of  the  active  and  passive  gas  flow, 

In  the  mixing  chamber,  in  the  exhaust  system  of  the  ejector  - 
diffuser  or  jet  nozzle). 


Losses  of  diffusion  and  kinetic  energy  are  specific  losses  of 
mixing . 


In  Figure  8.3  in  the  — -e-coordinates  the  actual  process  of 
tlie  mixing  of  gas  flows  in  the  ejector  of  the  DVRD  with  a  cylindrical 
mixing  chamber  is  represented. 


Fig.  8.3.  Actual  process  of 
mixing  of  chamber  flows  of  the 
mixing . 


Here:  1-1*  -  process  of  expansion  of  high-pressure  gas  In  the 

nozzle  box  assembly ; 

2-2'  --  process  of  expansion  of  low-pressure  gas  in  the 
nozzle  box  assembly ; 

1  *  —  3  and  2 *  —  3  -  process  of  the  actual  mixing  of  gas  with  Increasing 
pressure  along  the  chamber; 

3_H  —  process  of  deceleration  of  mixture  in  the  diffuser 
or  acceleration  of  the  mixture  in  the  convergent 
channel. 
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Point  3 *u  characterizes  the  state  of  the  mixture  with  ideal 
mixing; 

points  1*,  2*,  3*,  -  respectively  characterize  states  of 

active  and  passive  flows  up  to  mixing, 
and  also  the  state  of  the  mixture  at 
the  exit  from  the  mixing  chamber  and 
exhaust  system  of  the  ejector; 

-  total  increase  in  entropy  conditioned 
by  losses  in  all  elements  of  the  ejector. 

8. 1.2.5.  Losses  in  Kinetic 
Energy  with  Mixing. 


Losses  in  kinetic  energy  with  mixing  are  conditioned  by  the 
difference  in  velocities  of  outflow  of  initial  flows,  i.e., 

1. 

«i 


With  the  mixing  of  flows  there  is  collision  of  particles  of  ga3 
moving  at  different  velocities,  the  exchange  of  momentuma  of  these 
particles  and,  thus,  averaging  and  levelling  off  of  the  field  of 
velocities  of  flow.  Losses  appearing  in  here  are  similar  to  losses 
of  mechanical  energy  with  a  shock  of  inelastic  spheres.  As  is 
known  the  kinetic  energy  of  the  spheres  after  their  collision  is 
less  than  the  sum  of  kinetic  energies  of  these  spheres  prior  to 
collision.  Similarly  with  the  mixing  of  flows  the  kinetic  energy 
of  the  mixture  is  less  than  the  sum  of  kinetic  energies  of  initial 
flows  up  to  their  mixing,  i.e., 


G* 

2 1 


«4+c4 


Losses  in  kinetic  energy  with  mixing  are  conveniently  estimated 
with  the  help  of  efficiency  of  mixing,  which  for  the  isobaric  chamber 
(Pi^Pi^Pi^p)  has  the  form 
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Let  us  transform  expression  (8.7),  having  noted  that  for  the 
isobaric  chamber  the  pulse  of  the  mixture  is  equal  to  the  sum  of 
momentuma  of  initial  flows,  i.e.,  that  [see  formula  (8.6)] 

i7-1- <•,  =  -£!-  (8.8) 

g  g  g 


Introducing  the  replacement  CijC\-x\  G2IGt~y  and  having  substituted 


value  c n  from  (8.8)  in  (8.7),  we  obtain  after  simple  conversions 


_ _ (1  +  xy)1 


(I  +tf)0  +  *V) 


(8.9) 


Figure  8.4  gives  the  effect  of  the  ratio  of  velocities  of 
initial  flows  x  and  ratio  of  miscible  masses  y  on  the  efficiency  of 
mixing  of  the  isobaric  chamber. 


Fig.  8.4.  Effect  of  the  ratio  of  velocities 
of  initial  flows  x  and  ratio  of  miscible  masses 
y  on  the  efficiency  of  mixing  n 


The  greater  the  relative  losses  of  kinetic  energy  with  mixing 
of  flows,  the  less  the  ratio  x  *  o2/o They  reach  the  greatest 
value  when  x  =  0,  i.e.,  in  the  case  of  the  outflow  of  the  turbulent 
jet  into  the  surrounding  stationary  space:  when  x  =  1  we  have  n  * 


8.2.  Process  of  Mixing  In  the  Cylindrical  Chamber 

In  practice  -  on  different  test  installations  and  in  wind  tunnels 
-  cylindrical  mixing  chambers  {/  ■  const)  have  become  wide  spread. 

The  theory  of  these  mixing  chambers  has  been  developed  in  detail. 

In  tnis  section  we  will  be  limited  in  that  we  give  fundamental 
equations  for  the  calculation  of  the  process  of  complete  mixing  in 
these  chambers,  having  in  mind  mainly  subsonic  flows.  Furthermore, 
let  us  examine  the  effect  of  various  factors  on  the  effectiveness 
of  the  cylindrical  chamber  of  mixing. 

8.2.1.  Momentum  Equation  for  the  Cylindrical 
Mixing  Chamber 

For  the  cylindrical  mixing  chamber  the  momentuma  equation  (8.6) 
takes  the  form 

+ >)+(^  Pif 2HTf’Ws)  *  (8.io) 

Expression  (8.10)  shows  that  the  total  momentum  of  the  mixture 
is  equal  to  the  sum  of  total  momentuma  of  initial  flows. 

Expression  (8.10)  can  be  transformed,  having  noted  that 

=  const  G]/ (8.11) 

8  *g  ' 


whence 


Then  we  obtain 

G,  / T\  *(>,)+G2  \r7\  *(>.,)=G3  / T\  (8.12) 


whence 


l8l 


(8.13) 


z{)  )—J.  (>  !)  +  »  / »**(>») 

3  /oTVyuTev) 


Using  tables  of  gas-dynamic  functions,  if  is  »'asy  to  determine 
with  respect  to  the  known  value  s(X^)  the  given  velocity  \ , 

8.2.2.  Determination  of  the  Degree  of  Increase  in 
Pressure  of  the  Cylindrical  Mixing  Chamber 

Let  us  replace  in  equality 


/3-/1+/2 


values  f}  ,  f0  and  from  corresponding  equations  of  flow  reduced  to 
the  form 


Then  after  simple  conversions  we  obtain 


.-T  ✓(!  +  {/)(!  +  t8*) 


(8.14) 

-i 

*o<nh)  <nh> 

Determination  of  q(X^)  is  produced  with  respect  to  the  found 
value  with  the  help  of  tables  of  gas-dynamic  functions. 

8.2.3.  Effect  of  Parameters  of  Mixing  on  the 
Compression  Ratj.0  of  liOW-Pressure  Gas 
in  the  Cylindrical  Chamber 


From  formula  (8.14)  it  follows  that  the  compression  ratio  of 
low-pressure  gas  in  the  cylindrical  mixing  chamber  depends  on  four 
independent  parameters  of  mixing,  i.e., 

n,--=/(.-T0,  0*,  y  and/'*)* 

The  effect  of  parameters  of  initial  gas  flows  on  the  effectiveness 
of  mixing  can  be  examined  as  a  result  of  the  compression  of  low- 
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pressure  gas  by  high-pressure  gas  with  subsequent  equalizing  of 
the  temperature 


8.2. 3.1.  Effect  of  Available  Drop 
in  Pressures  Tq. 


With  an  increase  in  the  available  drop  in  pressures  tt.  (for 

#  u 

example,  as  a  result  of  the  increase  in  p1)  the  work  of  the  expanding 
of  active  gas,  always  equal  to  the  work  expended  for  compression 

of  the  passive  gas,  increases.  Consequently,  the  compression  ratio 

« 

and  pressure  at  the  exit  of  the  chamber  p^  grow.  Since  with  an 
increase  in  x  ■  °2/'al  is  decreased»  and  losses  of  kinetic  energy 
with  mixing  grow,  then  curve  tts  =  /(t tq)  becomes  all  the  more  sloping 
(Fig.  8.5). 


Fig.  8.5.  Effect 
drop  in  pressures 

compression  ratio 
gas  it  . 


of  available 

7i q  on  the 

of  low-pressure 


8.2. 3.2.  Effect  of  Available 
Drop  in  Temperatures 


With  a  decrease  in  the  available  drop  in  temperatures  d*  (for 
example,  as  a  result  of  an  increase  in  T^)  the  operation  of  the 

expansion  of  active  gas  increases.  Consequently,  at  the  assigned 

» 

temperature  ?2  of  passive  gas  its  compression  ratio  tt3  grows. 

If,  however,  magnitude  T 2  is  lowered,  then  at  constant  expended 
work  of  compression  the  numeral  value  tt3  also  increases  (Fig.  8.6). 
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‘t. 


drop  in  temperatures  0*  on 
the  compression  ratio  of  low- 
pressure  gas  n3 . 


8 . .  3 .  3  •  Effect  of  the 
Coefficient  of  Ejection  y. 


Independently  of  the  magnitude  of  the  coefficient  of  ejection, 
the  total  work  of  expansion  of  the  active  gas  as  previously  is 
equal  to  the  total  work  expended  on  the  compression  of  the  passiv  ■ 
ga  - ,  Consequently,  with  the  increase  in  y  the  expansion  ratio  of 
tne  active  gas  increases,  and  the  compression  ratio  of  the  passive 
gas  tt3  is  lowered  (Fig.  8.7). 


'•> 


Fig.  8.7.  Effect  of  the  coefficient 
of  ejection  y  on  the  compression 
ratio  of  low-pressure  gas  a  . 


8. 2. 3. 4.  Effect  of  A2(M2)  of  the 
Flow  of  Passive  Oas. 


At  the  assigned  parameters  of  mixing  .to,  d*  and  y »  losses  in 
total  pressure  of  the  mixture  are  determined  by  the  absolute  value 
of  A  (M)  numbers  of  initial  flows  and  also  by  the  ratio  of  velocities 
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x  =  Cp/op  which  determines  the  efficiency  of  the  mixing. 

The  less  the  absolute  value  of  numbers  A^  and  A-,  and  the  nearer 
ratio  to  unity,  the  more  complete  the  pressure  of  the  mixture. 

From  the  expression  of  the  connection  of  gas-dynamic  functions 


it  follows  that  any  increase  in  X2  (when  Hq  =  const)  is  always 
accompanied  by  a  growth  in  However,  the  ratio  of  velocities 

=  (8.15) 

e,  A, 

in  this  case  increases,  tending  to  unity.  Thus  when  ttq  >  1.0  the 
growth  in  number  X2  from  zero  to  0.6-0. 8  usually  leads  to  an  increase 
in  pressure  of  the  mixture  (i.e.,  to  a  growth  in  ?r  ) . 

When  Hg  -  1  the  ratio  of  velocities  an/a^  with  an  increase 
in  X2  remains  constant;  thus,  the  absolute  growth  in  numbers 
A^  *  X2  leads  to  an  increase  in  the  losses  of  mixing  and  to  a 
continuous  lowering  of  a  total  pressure  of  the  mixture  (o  <  1). 

CM 


However,  the  absolute  magitude  of  these  losses  is  small  and  in 
region  X-^  =  X2  <  0.5-0. 6  (encompassing  possible  actual  flows  in 
mixing  chambers  of  the  ductedfan  Jet  engine)  does  not  exceed  2-2. 5/5 
(Fig.  8.8). 


Fig.  8.8.  Effect  of  given 
velocity  of  passive  gas  X0  on 

compression  of  low- 

pressure  gas  7i g  and  coefficient 

of  the  drop  in  total  pressure 

« 

of  mixture  a 

CM 
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Thus,  in  depending  on  the  correlation  of  parameters  of  initial 

flows,  there  always  exists  the  optimum  value  A0  at  which  tt  reaches 
the  maximum.  3 


part  three 


TURBOJET  ENGINES 
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CHAPTER  9 

EFFECT  OF  PARAMETERS  OF  THE  WORKING  PROCESS  ON 
SPECIFIC  PARAMETERS  AND  EFFICIENCY 
OF  THE  TURBOJET  ENGINE 

In  this  chapter  we  will  examine  the  effect  of  parameters  of  the 
working  process  (compression  ratio  of  the  working  medium;  temperature 
of  gas  in  front  of  the  turbine;  temperature  of  the  external  medium; 
efficiency  considering  losses  in  processes  of  compression,  heat  feed 
expansion)  on  specific  thermodynamic  parameters  of  the  engine  (useful 
work  of  the  cycle;  specific  thrust  and  specific  fuel  consumption), 
and  also  on  the  efficiencies  of  the  engine. 

9.1.  Work  of  the  Real  Cycle  of  the  TRD  (Internal 
Work  o^  the  Turbojet  Engine) 

In  Section  4 . 2  we  showed  that  the  work  of  the  real  cycle  of 
the  TRD  is  an  Increase  in  the  kinetic  energy  of  1  kg  of  gas  inside 
the  engine,  i.e.,  that 


kgf*m 

— * ? - fc — 

Let  us  express  now  the  work  of  the  cycle  in  terms  of  basic 
parameters  of  the  working  process. 

9.1.1.  Effect  of  Parameters  of  the  Working  Process  of 
the  Work  of  the  Cycle1  of  the  Turbojet  Engine 

The  work  of  the  cycle  can  be  expressed  as  the  difference  of  real 
(taking  into  account  losses)  or  works  of  expanding  and  compressions: 

‘.Subsequently,  magnitude  L  will  be  called  work  of  the  oyole ,  the 
term  "real." 
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LimLp — Lf  (9. 

or  as  the  difference  in  the  adiabatic  work  of  expansion,  decreased 
cr.  losses  in  the  process  of  expansion,  and  adiabatic  work  of 
compression,  increased  on  losses  in  the  process  of  compression: 


where 


np.  *ic—  total  efficiency  of  processes  of  expansion  and  compression. 


Then 


(9.*) 


Expression  ®i4)  can  be  reduced  to  the  form 


(9.5) 


where 


*  ».-» 

'f  [ 

L  \  Pt  I  I 


Here  a  -  correction  coefficient  considering  the  pressure  drop 
in  the  combustion  chamber  and  also  difference  in  magnitudes  of  gas 
constants  and  specific  heats  of  the  air  and  products  of  combustion, 
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The  coefficient  a  somewhat  exceeds  unity  (Fig. 

average  for  7"*  «  1000—  I  -100®  K  and  a --j— 20  magnitude  j  - 


9.1).  On  the 
1.02-i.Ch. 


Fig.  9.1.  Effect,  of  parameters 
of  the  working  process  on 
coefficient  a. 


With  the  help  of  this  coefficient  we  reduce  the  real  cycle  of 
the  TRD  to  the  equivalent  conditional  air  cycle  p  =  const1  with 
Invariable  chemical  composition  of  the  working  medium  and  with 
Invariable  specific  heat  capacity. 

Let  us  designate  PtlPf-*  ~  compression  ratio  of  the  working 

— )  =3-1*-=^—  ratio  of  temperatures  in  the  adiabatic  process 

Pm/  Tm 

of  compression  (h  -  2): 

C^C-  =  1,4;  R,~R~ 29,3  . 

kg* rad 

Then  formula  (9.9)  takes  the  form 

/*,— \*-~-TAe-\)  ±-,  (9.6) 

or 

(9-7) 

Thus,  the  work  of  the  cycle  of  the  TRD 

^d  \) 

is  a  function  of  temperature  of  the  gas  in  front  of  the  turbine, 
temperature  of  the  external  atmosphere,  total  compression  ratio  of 
the  air,  and  also  efficiency  of  expansion  and  of  compressions. 

lI.e.,  to  cycle  with  feed  of  heat  at  constant  pressure  (p\-pI). 
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Let  us  examine  how  the  enumerated  factors  effect  the  work  of 
the  cycle. 


9.1.2.  Effect  of  the  Gas  Temperature  in  Front 
of  the  Turbine  ( T 

With  an  increase  in  gas  temperature  in  front  of  the  turbine 
(with  other  factors  remaining  constant)  the  work  of  the  gas 
expansion  increases 

with  invariable  work  of  the  compression  this  leads  to  the 

continuous  growth  of  the  work  of  the  cycle  (Fig.  9.2)  and,  consequent! 

to  an  increase  in  the  velocity  of  outflow  of  gas  from  the  Jet  nozzle. 


Fig.  9-?.  Effect  of  gas 
temperature  in  front  of 
the  turbine  on  the  cycle 
of  the  TRD. 


file  increase  in  the  velocity  a ^  can  be  physically  explained 
by  the  fact  that  with  invariable  work  of  the  compressor  the  growth 
in  gas  temperature  in  front  of  invariable  work  of  the  compressor 
the  growth  in  gaa  temperature  in  front  of  the  turbine  leads  to  a 
temperature  and  pressure  rise  behind  the  turbine,  i.e.,  at  the 
entrance  into  the  Jet  nozzle  (2^  and  p^).  It  is  natural  that  in 
this  case  the  velocity  of  outflow  of  gas  continuously  increases.1 

# 

From  expression  (9.7)  it  follows  that  with  an  increase  in 
the  work  of  the  cycle  grows  according  to  the  linear  law  (Fig.  9.3). 


‘Here  and  further  we  will  proceed  from  the  assumption  on  the 
complete  expansion  of  the  gas. 
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Pig.  9.3.  Effect  of  T .  on  Lg. 


Let  us  find  now  the  minimum  value  of  ^(min)’  which  the  work 
of  the  cycle  becomes  zero. 


It  is  obvious  that  L  =0  when  T'3\a  —  T„ - =0. 

e  tie 


Then 


r*  ~T  1 

'  3<n,ln)  '*  flTlpT)c  ‘ 


(9.8) 


Table  9.1  gives  values  ^(min)  for  different  values  of  ** 


(when  <ji)p  =  0,94;  nc=0,85;  «r||,»ic  =  0,80;  7,U  =  288°K). 
Table  9.1. 


• 

n 

5 

!0 

15 

20 

25 

30 

K 

T* 

*  3  (min) 

570 

696 

780 

850 

900 

955 

What  is  the  physical  meaning  of  the  minimum  temperature  of  the 
gas  in  front  of  the  turbine?  It  consists  In  the  fact  that  at  that 
the  temperature  of  the  work  of  real  processes  expended  and  compres¬ 
sions  of  the  gas  are  Identical,  and,  consequently,  the  effective 
work  of  the  cycle  is  equal  to  zero. 


9.1.3.  Effect  of  External  Air  Temperature  (T  ) 


With  the  reduction  of  external  air  temperature  T  the  work 


expanded  for  air  compression  is  decreased, 

'.-“-r v- 


I 


With  constant  work  of  expansion  this  leads  to  a  growth  in  the 
work  of  the  cycle  (Pig.  9.4)  and  to  an  increase  in  the  velocity  of 
outflow  from  the  Jet  nozzle.  On  the  other  hand,  an  increase  in  Th 
the  work  of  the  cycle  is  lowered. 


Pig.  9.4.  Effect  of  external  air 
temperature  on  the  cycle  of  the  TRD. 


The  effect  of -T  and  Lg  is  depicted  as  a  straight  line  (Fig.  9.5). 
The  effect  of  external  temperature  on  the  work  of  the  cycle  is  very 
considerable.  Thus,  for  instance,  the  seasonal  lowering  of  T  from 
+  30°C  to  -30°C  increases  (with  7^  =  1200° K;  .1  =  15;  a»i,,»ie“0,80)  the  magnitude 
L  by  approximately  43*. 


Physically  the  velocity  increase  in  outflow  from  the  Jet  nozzle 
with  the  reduction  of  T (and,  consequently,  with  a  decrease  in  the 
work  of  compression)  is  explained  by  the  fact  that  the  total  pressure 
and  temperature  of  the  gas  at  the  exit  from  the  turbine  increase, 

1 . e . ,  at  the  entrance  into  the  Jet  nozzle. 


Fig.  9*5.  Effect  of  T  on  L  . 

H  0 


9.1.4.  Effect  of  Compression  Ratio  of  Air  (it) 

With  an  increase  in  the  compression  ratio  of  air,  the  work 
obtained  with  the  expansion  of  gas  and  the  work  expended  for  compres¬ 
sion  of  the  air  increases.  _ 

Let  us  depict  the  effect  tt  (or  e)  ‘on  the  work  of  expansion  and 
work  of  compression  graphically  (Fig.  9.6).  We  see  that,  in 
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■’I 

I 


I 

I 


Fig.  9.6.  E f f e  ■'  cf  1  t r > t ■  r ■  •  ■ . ■  - ' 

rat  i  ^  vjl  air  on  lac  woi  r.  up 
compression  arid  war*,  of  expansion. 


accordance  with  expression  (9.6),  with  the  increase  in  e  the  work  of 
co^! press  ion  indefinitely  grows  from  zero  according  to  the  lino nr 
law,  and  the  work  of  expansion  grows  according  to  the  hyperbolic 
iaw,  approaching  a  certain  limiting  value  when  e  ■*  *> . 

Thus,  the  work  of  the  cycle,  being  equal  to  zero  when  v  »  l, 
initially  grows,  reaches  a  maximum,  and  then  in  the  region  of  high 
decrees  of  compression  drops,  tending  to  zero. 

It  is  convenient  to  observe  the  effect  of  compression  ratio  on 
the  work  of  th°  ideal  ;ycle  in  the  system  of  coordinates  p-v  and  T-e 
(Fig.  9.7). 


Fig.  9.7.  Effect  of  it  on  the 
image  of  the  ideal  cycle  p  = 

*  const  in  coordinates  T-s. 


8 

Let  us  draw  the  Isotherm  T ^  ■  const,  which  characterizes  the 
maximum  permissible  temperature  of  gas  from  considerations  of 
strength  in  front  of  the  turbine.  Let  us  construct  a  series  of 
cycles  p  *  const  for  various  tt  ,  beginning  from  small  values  and 
gradually  Increasing  them.  We  see  in  Fig.  9*7  that  with  the  increase 
in  tt  the  magnitude  of  work  of  the  cycle  (depicted,  by  the  area  of 
the  circuit  of  the  cycle)  initially  grows,  reaches  a  maximum  at  a 
certain  optimum  value  tt  and  then  drops  down  to  zero.  The  maximum 
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of  compression  ratio  at  which  value  £  ■  0  is  determined  by  the  point 

of  intersection  of  the  adiabatic  curve  of  compression  with  isotherm 
T ^  *  const,  i.e.,  Tjaonro-Tj  or  e  *  6. 

The  physical  meaning  of  this  equality  is  that  with  a  definite, 
quite  large  compression  ratio  of  the  heat  feed  to  the  working  medium 
appears  impossible  (i.e.,  q^  ■  0),  since  the  final  temperature  of 
compression  is  equal  to  the  maximum  permissible  temperature  of  the  gas 
since  the  turbine.  Consequently,  the  adiabatic  curve  of  expansion 
coincides  with  the  adiabatic  curve  of  compression,  and  the  useful 
'■■••irk  of  the  cycle  is  equal  to  zero.  In  other  words,  the  ideal  cycle 
degenerates  into  the  adiabatic  curve. 


It  is  characteristic  that  in  the  presence  of  losses  in  processes 
of  compression  and  expanding,  the  work  of  the  cycle  becomes  zero 
with  a  compression  ratio  less  than  that  in  the  case  of  the  ideal 
cycle.  In  this  case  T*mt<Ta  ,  and  consequently,  heat  feed  to  the 
working  medium  is  carried  out.  However,  this  heat  is  sufficient  only 
in  order  to  compensate  the  appearance  of  friction  losses  in  the 
working  process.  In  this  case  q- j-  ■  q^  and  L&  =  -  Lq  •  0. 

Let  us  now  find  the  numerical  values  of  the  optimum  and  maximum 
compression  ratios. 


To  determine  tt  the  zero  expression  (9.7)  must  be  equated, 

iHciX 

i.e.  , 

r;n,a  -  T,  — ®=0 ; 

1  »  "tic 

whence  we  obtain 


(9.9) 

(9.10) 


(9.11) 
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Work  cf  the  cycle  becomes  sera  also  when  the  (cycle 

degenerates  into  an  isobar).  However  in  flight  the  case  r  =  1  is 

Impossible,  since 

. .  i*>i. 


i'hc  value  of  the  optimum  eompressi on  ratio  can  he  t'uuni  from 
the  condition 


•it 


-0. 


Differentiating  equation  (9.6),  we  find 

aT\  r. 


■=0, 


w .  i  n  e  c 


'•>,<- V 77  nAa  ; 


(9.1.') 


whence 


( ) .  1 3 ) 


Comparing  expressions  (9.11)  and  (9-13),  it  is  easy  to  note 


that 


,,j) 


P  :  -1 

r» COpt« 


(9.14) 
(1.  La) 


l.e.,  the  maximum  compression  ratio  is  equal  to  the  square  of  the 
optimum  compression  ratio. 


It  is  characteristic  that  quantities  :topt.  and  ."tma*  depend  on 
flight  speeds.  The  magnitude  of  optimum  compression  ratio  of  the 
compressor  n* (0| ti  depends  on  the  dynamic  compression  ratio,  i.e., 
on  Mq  of  flight.  The  more  Mq,  the  less  n*(oM). 
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Thus  , 


or 


(9. 


Example : 

Lot  «=I200*K;  fliipTjc-0.8;  //-I!  kj<  (r.,-216,5‘K);  Mq 
I’lnd  jiopi  and  Kmi: 

*-av  r-«* 

Setting  oj1-0,97,  let  us  determine 

.1*-  ( I  +  0,2  •  0,9*)  »•»  •  0,97  ->1,00- 0,97  - 1 ,64; 

Then  -*.3. 


0.9.  Let  ur, 


Figure  9.8  shows  the  dependence  of  the  work  of  the  cycle  on 
t  ...  v-onpression  ratio  of  the  engine. 


Fig.  9.8.  Effect  of  n  on  the 
work  of  the  real  cycle. 


For  test  bench  conditions  on  land  (MQ  ■  0  and  H  •  0)  in  the 
temperature  range  T 3  -  1100-1300°K  at  achieved  values  of  efficiency 
or  expansion  and  compression  (for  example,  ai)i>'|c~0,S)  we  find  .%,,,!«» 

*  7-10  and  .im- 49— 100. 


For  high-altitude  conditi  (//>!!  km)  in  the  same  temperature 
range  12—16  and  .!■.«•»  1 44 -r- 256. 


lb 


9.1.5.  Effect  of  Losses  With  Compression 
and  Expansion 


with  a  decrease  in  looses  in  processes  of  •  jnr-re.'.s !  •  -n  • 
expansion,  i.e.  ,  with  an  increase  in  %  and  »i«.  the  w.rk  the  jycJc 
increases.  An  increase  in  the  losses,  conversely,  lowers  L  At  a 
certain  minimum  value  of  work  the  work  of  the  cycle  becomes 

zero.  This  value  Is  equal  [see  formula  (9.3)]. 


b'or  /  *  -- 1 100^  K;  Tu~  L’8S  K  we  find 


L*>t  a  ~  1.0]  and  ilp^tjc^n- 


Then 

'lp(min)  —  T) c(inln)  ~  0,7 0. 


Thus,  the  creation  of  economic  gas-turbine  engines  with  a  high 
compression  ratio  of  the  working  medium  is  possible  only  at  high 
values  of  efficiency  of  the  compressors  and  turbines.  The  Lower 
the  assimilated  value  of  temperature  of  gas  in  front  of  the  turbine, 
the  higher  the  minimum  necessary  values  of  efficiency  of  expansion 
and  compression  for  obtaining  the  effective  work  of  the  cycle.  Now 
it  is  easy  to  understand  that  the  difficulties  were  in  the  creating 
gas-turbine  engines  in  the  1930 's  when  the  efficiency  of  the  first 
.•uinpressors  and  turbines  was  very  low  (did  not  exceed  magnitudes  of 
0. (<0-0.65),  and  the  materials  used  then  for  the  manufacture  of 
blades  of  turbines  did  not  allow  using  elevated  gas  temperatures. 

One  should  note  the  different  (specific  weight)  of  losses  of 
compression  and  expansion.  The  point  is  that  the  wotk  of  expansion 

is  always  more  than  the  work  of  compression,  and  the  more  significant 

* 

this  difference  the  higher  -T^t  the  greater  the  altitude  of  the  flight 
(i.e.,  the  lower  Z^),  and  the  less  the  compression  ratio. 
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Usually 


^  r, 

it  "  r„  « 

Therefore,  a  1$  Increase  In  Hi<  a  numerically  greater  affect 

on  L  than  a  1 %  increase  in  (two-three  times). 

& 

9.2.  Specific  Thrust  of  a  Turbojet  Engine 

Let  us  express  the  specific  t.hrust  of  the  TRD  in  terms  of  the 
w..i-v  of  the  thermodynamic  cycle. 

We  have 

D  _  Cg(l+«t)  —  V 


e\-V* 

2 g  ' 


(b) 


Let  us  find  a ^  from  (b)  and  substitute  it  into  (a);  then 

(Vl2yi,+  ^)tl  +  mT)-l'].  (9.17) 

If  we  can  disregard  the  difference  between  masses  of  outflowing 
gas  and  inflowing  air  (i.e.,  take  mT  •  0),  then 

[vw- 7W'-V),  (9.18) 

s 

and  for  the  case  of  work  of  the  engine  on  a  test  stand  (V  •  0) 

(9.19) 

Prom  formulas  (9.17)  and  (9.18)  it  follows  that  the  specific 
thrust  depends  on  the  same  parameters  of  the  working  process  as  the 
work  of  the  cycle,  and,  furthermore,  on  the  flight  speeds,  i.e.. 
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T„  n,  and  V). 


Let  us  examine  the  ei'leet  of  every  factor  separately  on  h 

9.2.1.  Effect  of  Gas  Temperature  in  Front 
of  the  Turbine 

At  a  certain  minimum  gas  temperature  7,*(min)'[ see  formula  (9.8)] 

the  specific  thrust,  Just  as  for  the  work  of  the  cycle,  becomes  zero. 

» 

With  an  increase  in  T ^  the  specific  thrust  continuously  grows,  but 
slower  than  the  work  of  the  cycle  (Fig.  9-9). 


* 

Fig.  9*9*  Effect  of  5f_  on 
specific  thrust. 


9.2.2.  Effect  of  External  Air  Temperature 


With  a  reduction  in  external  temperature  the  specific  thrust 
of  the  TRD  increases,  and  this  growth  proceeds  more  slowly  than  the 
increase  in  the  work  of  the  cycle  (Fig.  9.10). 


Y 

Fig.  9-10.  Effect  of  T  on 
specific  thrust.  H 


9.2.3.  Effect  of  Compression  Ratio 

From  formula  (9.18)  it  follows  that  the  specific  thrust  becomes 
zero  and  reaches  a  maximum  at  the  same  values  of  tt  as  does  the  work 
of  the  cycle. 
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Thus,  the  character  of  dependences  fly*™/ i(n)  and  L,  *=/*(«)  is 
identical  (Pig.  9.11). 


Pig.  9.11.  Effect  of  it  on  specific 
thrust  and  work  of  the  cycle 


One  ought  to  note  that  in  flight  (7  >  0)  the  minimum  value 

^  1  (flK  ■i«s“ 


Let  us  find  the  magnitude  of  maximum  specific  thrust  of  the  TRD 
with  operation  on  a  test  stand  (7  ■  0).  For  this  let  us  substitute 
into  expression  (9.7)  for  the  value  ®0p^.  from  expression  (9*12). 


Then  after  simple  conversions  let  us  find: 

<».i)  =(*<,*—  1)  j/'-"  • 


(9.20) 


When  r;  =  U00-l30a8K,  r„-288#K,  Iip«=0,9  and  nc=0,85  we  gave  RyMm,x)~ 55-70 

kgf/(kg/s ) . 

Figure  9.12  gives  a  family  of  curves  /?„=■/(*),  plotted  for  various 
values  o*  through  points  of  maximums  of  these  curves  passes 
a  straigh"  line  of  maximum  thrive  corresponding  to  equation  (9.20). 
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9.2.1*.  Effect  of  Flight  Speed 


Flight  speed  has  an  immediate  effect  on  tnc  specific  :  h;  i.'t 
a  designed  TRD  and  generally  all  forms  of  the  VRJ. 

At  assigned  values  T\,  .-t,  tjp  and  *lc.  being  determined  by  the  level 
of  development  of  technology,  and  consequently,  at  the  given  magnitude 
of  work  of  the  cycle,  with  an  increase  in  flight  speeds  the  spe-ifi  • 
thrust  of  the  VRD  continuously  drops  [see  formula  ( 9 •  1 B )  j  .  'ihe 
latter  is  explained  in  that  when  L c  const  with  an  increase  in  V 
exhaust  velocity  from  the  jet  nozzle  increases  more  siowJv,  sc  that 
the  difference  (cs— V),  proportional  to  the  specific  thrust,  continuously 
drops . 

However,  at  great  flight  speeds  the  inevitable  Increase  In  n 
always  leads  to  a  lowering  of  Lg.  This  circumstance  accelerates  the 
drop  in  specif  '  c  thrust  of  the  TRD  In  design  cc"'1  it  i  or. a  and  1  *  rn  1 1  - 
the  range  of  flight  speeds  in  which  utilization  of  the  jet  engine  is 
expedient . 


9.3*  Effect  of  Parameters  of  the  Working  Process  on 
Efficiency  of  the 'Turbojet  Engine 

9.d.l.  Efficiencies 

The  economy  of  the  engines  is  estimated  by  their  efficiencies. 
For  the  TRD  such  coefficients  are:  (e ff eotive  (internal) ,  tractive 
(external)  and  total  (complete )  efficiency. 

Efficiencies  have  a  clear  energy  sense,  being  the  ratio  of 
obtained  work  to  that  expended;  at  the  same  time,  they  possess  that 
deficiency  which  cannot  be  directly  measured  by  devices  on  the 
operating  engine.  For  their  determination  special  tests  of  engines 
on  a  te3t  stand  and  also  the  known  calculating  work  are  necessary. 

It  is  convenient  to  produce  all  this  in  laboratary  conditions,  but 
it  is  inconvinient  to  carry  out,  for  example,  in  flight.  At  the  same 
time,  knowledge  of  the  efficiency  still  does  not  make  it  possible  to 
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Judge  directly  the  duration,  distance  of  flight,  etc. 

In  the  practice  of  the  operation  of  the  engines  an  estimate  of 
their  economy  is  taken  on  specific  consumptions  of  fuel  referred 
either  to  unit  of  power  (work)  or  unit  of  thrust. 

The  use  of  hour  and  specific  consumption  of  fuel  allows  tying 
economy  with  the  duration  of  operation  of  the  engine  (i.e.,  with  the 
duration  of  flight),  with  necessary  fuel  reserves  on  the  aircraft,  etc. 

When  the  fuel  consumption  is  referred  to  1  hp/h,  the  estimate 
*f  economy  with  respect  to  efficiency  specific  consumption  is  equiva¬ 
lent.  In  that  case  when  the  fuel  consumption  is  referred  to  1  kgf 
of  thrust  per  hour,  the  estimate  of  the  economy  of  various  engines 
according  to  specific  fuel  consumption  is  possible  only  on  the 
condition  of  identical  flight  speed. 


Since  the  most  important  parameter  characterizing  the  effective 
ness  of  the  TRD  is  its  draught,  then  for  the  determination  of  its 
economy  we  use  fuel  consumption  referred  to  1  kg  of  thrust  per  hour. 

9. 3.1.1.  Effective  (Internal)  Efficiency. 

The  effective  (internal)  efficiency  is  called  the  ratio  of  heat 
of  equivalent  useful  work  of  the  cycle  to  all  the  heat  put  into  the 
engine  with  fuel,  i.e., 


fJ-V* 

i,  w  ^  . ,  A  (9.21) 

'  fm  Ih 

Effective  efficiency  of  the  TRD  estimates  the  effectiveness 
(i.e.,  thermodynamic  perfection)  of  the  TRD  as  a  thermal  machine 
(intrinsic  engine);  it  considers  all  losses  connected  with  the 
conversion  of  heat  into  kinetic  energy  of  gas,  i.e.,  losses  of  heat 
with  outgoing  gases  conditioned  by  the  action  of  the  second  law  of 
thermodynamics  and  also  by  the  presence  of  friction  in  all  elements 
of  the  TRD  and  also  losses  of  heat  as  a  result  of  the  mechanical  and 
chemclal  incompleteness  of  combustion. 
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Let  us  transform  the  expression 


Let  us  replace 


Then 


*V  —  k., 


(9.23) 


Y 

where  *K  c  —  coefficient  of  completeness  of  combustion;  8=_  * _ degree 

TV 

of  preheating  of  the  working  medium;  k.  —  — —  coefficient  considering 

>  Cpm 

differences  in  specific  heat  of  the  air  and  also  gas  in  the  combustion 
chamber;  ke  <  1;  on  the  average  Ar,  --0,90  -0,92;  cpm  —  average  specific 
heat  in  the  temperature  range  T3*-~ 7'j*. 


Prom  formula  (9.23)  it  follows  that  the  effective  efficiency  of 
the  THU  depends  on  the  ratio  of  gas  temperature  in  front  of  turbine 
to  the  temperature  of  the  external  medium,  on  compression  ratio, 
efficiency  of  expansion  and  compression,  and  also  on  the  combustion 
efficiency . 


* 

Effect  of  the  Degree  of  Preheating  6  (or  T  ) 

(Fig.  9.13) 

When  i  =  ft,nm  =  e/Tip)ic«  the  .effective  efficiency  is  equal  to  zero. 

With  an  increase  in  the  degree  of  preheating  of  the  working 
medium  effective  efficiency  of  the  TRD  continuously  increases, 
approaching  the  limit  equal  to 
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(9 .2M 


VTt 


ft 

Pig.  9.13.  Effect  of  T ^  on 
effective  efficiency. 


If  in  the  first  approximation  we  consider  that  product  is 
distinguished  little  from  unity,  then  the  effective  efficiency  tends 
the  limit 


i~ r)v««*  (9.25) 

which  is  always  lower  than  the  thermal  efficiency  of  the  cycle 

n,-1 — -.  (9.26) 

Physically  the  continuous  increase  of  effective  efficiency, 
determined  by  the  given  value  »(«),,  with  an  increase  in  5  (as  a 

II 

result  of  the  growth  in  T ^  or  lowerings  of  T^)  is  explained  by  tne 
decrease  in  a  relative  portion  of  the  work  of  compression,  taking 
into  account  losses  of  friction  in  the  work  of  the  cycle. 

Effect  of  Compreaaion  Ration  (Fig.  9.14) 


Pig.  9.1*».  Effect  of  it 
on  effective  efficiency. 
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From  analysis  of  expression  (9*23)  it  follows  that  the  effective 

Y* 

"  f'f  Leiency  twice  becomes  zero  -  when  e  -  1  and  rniai  =  3  ^  "  .  when 

te  0.  rs  V  u.u  0. 

With  an  increase  in  tt  (ox*  e)  the  effective  efficiency  increases 
•.mi  reaches  a  maximum  at  a  certain  value  it',  which  Is  greater  than 
the  optimum,  i . e .  , 

> 

*<  V-<,  (mat))  ^  * 

Actually,  with  an  increase  in  e  the  quantity  f  neat  fed  qm~(Tl  -H) 
ir.u  >ulsy  leer-vises  aceox’ding  to  the  linear  law.  \t  i?  <•„,(,  when 
L  -  const,  the  magnitude  no  continues  to  increase  all  the  mere. 

.'he  growth  in  n  ceases  at  a  certain  value  when  tr.e  appr-'aen.l ng 

Ircj  in  .  '‘V.'ipe:..' at  os  continuing  lowering  of  </„h.  i  ,  :.)r  n 

•It  lit 

The  determination  of  n  *  in  the  general  is  difficult,  drupho- 

*  _ 

analytical  calculations  show  that  for  ■  1100-1300°K,  —  0.85,  u%-  0,94 

and  T  *  288°K  we  have  it '  »  15-20;  in  this  case  the  effective 
efficiency  ’0,22—0,28;  for  T  ■  216. 5°K  {H  *  11  km)  and  other  data 

given  above  we  find  •|.-(ni.ix) *•  0,32—0,40. 

Let  us  note  tnat  the  effect  of  it  on  the  thermal  and  effective 
efficiency  proves  to  be  fundamentally  different.  Whereas  witli  the 
increase  In  r  tne  first,  efficiency  continuously  grows ,  asymptotically 
tending  to  unity,  the  second  reaches  a  maximum  (which  is  considerably 

b  e  1  ow  n«).  arid  then  tends  to  zero  (see  Fig.  9.!J0.  j 

) .  ; . 1 . 2 .  Tractive  (External)  Efficiency. 

The  tractive  (external)  efficiency  is  called  the  ratio  of  work 
of  the  reactive  thrust  (tractive  work)  to  the  increase  in  kinetic 
energy  inside  the  engine,  i.e., 
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L 


J 


(9.27) 


iU-.il _ w. 

*  L,  rj  —  Vi 

2f 


Having  substituted  - ,  we  obtain  after  reductions 


»>*= 


2V 

‘s  +  v 


(9.28) 


Thus,  the  tractive  efficiency  depends  only  on  the  ratio  of  the 
flight  opeed  to  the  velocity  of  outflow  of  gas  from  the  engine;  with 
an  increase  in  this  ratio  from  zero  to  unity  the  tractive  efficiency 
also  increases  from  zero  to  unity  (Pig.  9.15). 


Fig.  9.15.  Dependence  of 
thrust  efficiency  on  the 
ratio  of  velocities  V/a&. 


Let  us  examine  in  more  detail  the  mechanism  of  formation  of 
reactive  thrust  of  a  Jet  engine.  In  general  the  whole  increase  in 
the  kinetic  energy  obtained  inside  the  engine  is  expended  for  work 
of  reactive  thrust  and  for  losses  of  kinetic  energy  outside  the 
engine,  i.e.  , 


or 


t\-v*  tti-V)V  ■ 

a g  g  ^  2t 

Increase  in  Tractive  Losses  in 

kinetic  work  kinetic 

energy  energy 

The  physical  sense  of  losses  of  kinetic  energy  consists  in  that 
it  Is  impossible  to  transform  c  >::.pletely  the  kinetic  energy  acquired 
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inside  the  TRD  into  work  of  reactive  thrust.  Part  of  this  energy 
will  be  uselessly  dispersed  into  surrounding  space,  outside  the 
•  -ngi  n e  . 


Actually,  if  the  velocity  of  outflow  of  gases  relative  to  the 
engine  is  equal  to  a.  ( a  c  -  relative  velocity,  and  flight  speed  of 

o  o 

an  aircraft  V  -  transport  velocity),  then  the  velocity  c  of  motion 
of  the  jet  coming  from  the  engine  relative  to  the  ground  (absolute 
velocity)  will  equal  (Fig.  9.16) 

e=c$—  V. 


Fig.  9.16.  Determination  of  t he 
concept  of  losses  with  exit- 

velocity  . 


Then  the  kinetic  energy  of  free  jet  unused  inside  engine  will 

equal 

1  -  ~  v>' 

L'~  2 f  • 

This  energy  is  also  called  loss  with  exit  velocity. 

Thus,  the  tractive  efficiency  considers  external  losses  of 
energy,  connected  with  the  transformation  of  kinetic  energy  into 
thrust  work:  It  estimates  the  perfection  of  the  TRD  as  a  propelling 
a  y .  a  t. 


Let  us  now  examine  particular  cases  of  operation  of  the  engine. 

1.  Let  V  *  0  (k/<?5  =  0);  in  this  case  rjR  =  0.  This  means  that 
with  operation  of  the  engine  on  the  ground  (before  takeoff)  on  a 
t  e..L  stand  the  thrust  work  is  equal  to  zero  ( Lr  —  0 ),  since  the  acting 
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f'or:e  does  not  produce  displacement;  in  this  case  the  whole  kinetic 
energy  of  Jet  outgoing  from  the  engine  turns  into  losses. 

2.  Let  ( VlCi*=*\ );  in  this  case  i]n>=  1.0.  This  means  that 

losses  in  kinetic  energy  are  absent.  However,  we  think  of  this  case 
only  as  being  limiting  when  the  increase  in  kinetic  energy  of  the  gas, 
thrust,  and  tractive  work  becomes  zero. 

For  the  Jet  engine  this  case  does  not  represent  practical  interest. 

j.  Let  us  find  the  ratio  of  velocities  V/cs,  at  which  the  thrust 
work  reaches  a  maximum. 


From  condition  dLJdV** 0  we  obtain  V'/cj— 1/2.  In  this  case 


,  3l'l  .  2F5 


V * 


and  ^  ■-** 

Consequently,  t]*»2/3. 

Figure  9.15  gives  the  curve  LR 
Effect  of  parameters  of  the  working  process  on  r\H  . 


From  expression 


2V 


2V 


+  V+V?gLt  +  Vi 


it  follows  that  at  the  assigned  flight  3peed  any  increase  in  the 
work  of  the  cycle  or  velocity  of  outflow  from  the  nozzle  leads  to  a 
drop  in  thrust  efficiency  as  a  result  of  an  increase  in  losses  with 
the  exit  velocity. 

4 

Effect  of  Temperature  T 3  (Fig.  9.17) 

When  we  have  -  0  and  a  -  V\  consequently, 

With  an  increase  in  T ^  magnitude  continuously  grows,  and 
is  continuously  decreased  asyn.  ‘ otically  approaching  zero. 
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Pig.  9.37. 
efficiency 


# 

Ef ft'  '*■  of  T  ,  t'.r;  1 
of  the  'f Hi.' .  J 


Effect  of  the  Compression  Ratio  (Fig.  9.18). 


Pig.  9.18.  Effect  of  7T  on 
the  efficiency  of  the  TRD. 


When  if  =  1  and  tt  =  ^max  we  have  cs^V;  consequently. 
When  .T==.i<.[i  we  have  Cs  =  C3(niax);  consequently  ijn *=  HB(min>.  Thus 

dependence  of  thrust  efficiency  on  the  compression  ratio  i 
in  the  form  of  a  concave  curve  with  a  minimum  at  .topt. 


,  the 

s  depicted 


Effect  of  Losses  in  Processes  of  Expansion 
and  Compressions 


A  decrease  in  losses  in  processes  of  expansion  and  compression 
(i.e.,  growth  in  %  and  ir )  leads  to  a  velocity  Increase  in  outflow 
from  the  nozzle  and  a  result  which  is  paradoxical  at  first  sight  -  to 
the  lowering  of  thrust  efficiency. 

9. 3. 1.3.  General  (Complete)  Efficiency  TRD. 


The  total  (complete)  efficiency  is  called  the  ratio  of  heat, 
equivalent  to  work  of  reactive  thrust,  to  the  whole  heat  introduced 
with  the  fuel,  i.e., 


ALr  __  ARjiY 

fu  9m 


(9. 30) 
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The  total  efficiency  is  the  product  of  effective  efficiency  on 
thrust  efficiency.  Actually, 


Ls. 
L,  * 


(9.31) 


Thus,  the  total  efficiency  estimates  all  losses  of  heat  energy 
In  the  TRD,  both  internal,  connected  with  the  conversion  of  heat  into 
kinetic  energy, and  external,  connected  with  the  conversion  of  kinetic 
energy  into  thrust  work.  In  other  words,  the  total  efficiency 
estimates  the  effectiveness  of  the  TRD  also  as  an  engine  and  as 
a  propelling  agent,  i.e.,  as  a  power  plant  as  a  whole. 


The  total  efficiency  serves  as  a  criterion  of  economy  of  the 

TRD. 


Prom  a  comparison  of  formula  (9-23)  and  (9.28)  it  is  easy  to 
conclude  that  the  total  efficiency  depends  on  the  same  factors  as  »)• 
and  i]B.'  i.e., 

r„  n,  ti-t  t,ti  tKci  Vy 

Effect  of  T* 

Figure  9.17  shows  the  effect  of  gas  temperature  in  front  of  the 
turbine  on  ng,  and  n^. 

When  r!=-rj(min)  the  total  efficiency  is  equal  to  zero,  since  the 

« 

effective  efficiency  is  equal  to  zero.  With  an  increase  in  T ^  the 

total  efficiency  Increases,  reaching  a  maximum  at  a  certain  economic 

« 

gas  temperature  (7^,,,).  With  further  growth  in  T ^ ,  with  a  continuous 
drop  in  tractive  efficiency,  the  total  efficiency  also  is  continuously 
lowered. 

It  is  characteristic  that  the  economic  value  of  gas  temperature 
in  front  of  the  turbine  on' a  test  stand  is  comparatively  low,  it 
increases  with  an  increase  in  the  compression  ratio  of  the  working 
medium. 
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When  ir  ■  6-10  and  at  usual  values  of  tip  and  T)e ,  magnitude  = 

=  700-850°K.  When  it  =  15-20  magnitude  T*  .  =900— 950°K. 

* 

Thus,  assimilated  in  technology  values  of  f.,  cvr.siuernt  l.v 
exceed  its  economic  values. 


Effect  tt 

Figure  9.18  shows  the  effect  of  the  com;  reunion  ratio  on  »i. .  »in 

and  tjo. 

The  total  efficiency  as  an  effective  efficler.cy  is  equal  to 

.a.Tu  when  tt  =  1  and  when  tt  *  tt  .  With  an  increase  in  tt  up  to  a 

max 

certain  economic  value  (.tan)  the  total  efficiency  Increases,  reaching 
a  maximum,  and  then,  with  furtner  growth  in  tt  ,  it  drops  down  ' 
zero . 


The  economic  value  of  the  compression  ratio  does  not  coincide 
with  that  value  tt  "  at  which  the  effective  efficiency  reaches  a 
maximum;  it  is  always  more,  i.e.  , 

Actually,  when  tt  ■  ti  '  the  effective  efficiency  reaches  a  maximum, 
and  the  thrust  efficiency  Increases.  Therefore,  product  •  ■»!«  =’|<j 

also  increases.  The  growth  in  Hq  ceases  at  the  largest  compression 
ratio  tt  >  tt',  when  the  approaching  drop  ne  compensates  the  continuing 
growth  in  n  ^ . 

The  economic  compression  ratio  of  the  air  of  contemporary  TRD 

reaches  very  high  values.  At  T?  *  1 100- 1 300°K ,  ?  ■  238°K,  at 

d  h  .  - 

usual  values  of  r\P  and  when  5h.c  ■  0.97  the  magnitude 

which  Is  considerably  more  than  the  assimilated  values  ’t,#  on  a  test 

c  t  and . 


Effect  of  Flight  Speed 

With  operation  of  the  TRD  on  the  ground  (f  »  0)  the  total 
efficiency  is  equal  to  zero.  With  an  increase  in  flight  speed  the 
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tot.il  efficiency  increases.  However,  at  very  high  flight  speeds, 
when  the  specific  thrust  of  the  TRD  is  sharply  decreased,  tending  in 
the  j Imit  to  zero,  the  total  efficiency  also  drops  down  to  zero. 

9.1*.  Effect  of  Parameters  of  the  Working  Process  on 
Specific  Fuel  Consumption 

Let  us  find  the  connection  between  specific  fuel  consumption 
<*nd  total  efficiency. 

.vo  have 


c.*-3600^-  (a> 

I.et  us  replace  mt«  Js  and  multiply  the  numerator  and  denominator 
•  <f  the  right  side  of  formula  (a)  by  AV. 

Then  we  obtain 


C,.-360M  -£ 


fa 

MrtV 


(9.32) 


Thus,  at  the  assigned  flight  speed  the  specific  fuel  consumption 
is  inversely  proportional  to  the  total  efficiency. 

Formula  (9.32)  is  unfit  for  an  analysis  of  operation  of  the  THD 
on  the  test  stand,  since  its  right  side  turns  into  an  indeterminancy 
^when  V  -  0  and  n0  ■  0  we  have 

Let  us  transform  formula  (9*32). 


We  have 


TV 


(K  +  f»» 


(9.33) 


Having  substituted  value  n0  from  expression  (9.33)  into  (9.32), 
we  obtain 
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(9.34) 


C„=4,215ff±ii>. 

tfc/r. 


Then  for  the  case  V  *  0  we  find 


v9 . 3b) 


From  formula  (9.32)  there  can  be  made  conclusion  that  the  specific 
fuel  consumption  depends  on  the  same  factors  as  the  total  efficiency, 
i .  e.  , 

c,*  -  /(r;.  r..  n.  n„.  ;«  t>  V'). 

Let  us  examine  the  effect  of  these  parameters  on  the  specific 
fuel  consumption. 

9.4.1.  Effect  of  Gas  Temperature  T 7  (Fig.  9. IS) 


Fig.  9.19.  Effect  of  i-3  on  the 
specific  fuel  consumption. 

,1. 


When  ln,  the  total  efficiency  is  equal  to  zero.  Consequently, 

tne  specific  fuel  consumption  is  equal  to  infinity.  With  an  increase 
1  r.  T-  from  the  minimum  to  the  economic  value  the  specific  fuel 

consumption  is  continuously  decreased,  reaching  a  certain  minimum 
value.  A  further  increase  in  gas  temperature  in  front  of  the  turbine 
Leads  to  a  continuous  increase  in  CtM. 

Curve  C,4=/i(fJ)  graphically  is  as  though  it  were  a  mirror  image 
of  curve  (see  F1S«  9.19). 
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The  design  point  of  operation  of  contemporary  TRD  on  a  test  stanl 
(I'^O;  :r»flpac*)  is  located  on  the  right  branch  of  curve  Cya=/i(r*).  In 
other  words,  computed  value  of  gas  temperature  in  front  of  the  turbine 
is  much  higher  than  the  economic  temperature.  The  latter  is  explained 
oy  the  tendency  to  increase  the  specific  thrust  of  the  engine, 
induce  its  dimensions  and  specific  weight,  even  to  the  detriment  of 
the  economy  of  the  TRD. 

Q.4.2.  Effect  of  the  Compression  Ratio  tt 
(Pig.  9.20) 

At  minimum  (it  ■  1)  and  maximum  (a».Tmn)  values  of  the  compression 
ratio  the  total  efficiency  of  the  TRD  is  equal  to  zero,  and  the 
specific  fuel  consumption  of  the  engine  is  equal  to  infinity. 

With  an  increase  in  it  from  1  to  the  economic  value  .t,„  the 
specific  fuel  consumption  is  steadily  lowered,  reaching  a  minimum. 

A  further  growth  in  it  from  .i*  to  rrm»x  already  causes  a  continuous 
growth  of 

Curve  C„-/i(n)  is  graphically  as  if  it  were  a  mirror  image  of 
curve  tio^M.-i)  (see  Fig.  9.20). 

'I  I  Fig.  9.20.  Effect  of  T*  on 

V,fy4  /  the  specific  fuel  consumption. 

ki - — 

'?•  *nin  *>»  n«w*  * 

It  is  necessary  to  note  that  in  test  stand  conditions  (l'—0; 

Tt  -'  )  the  design  point  of  operation  of  the  engine  is  located  on 

curve  CM-/i(.t).  between  the  optimum  and  economic  values  of  the 
•ompression  ratio,  l.e., 
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a"fl  < 


The  last  circumstance  is  explained  by  the  tendency  '  In  -• 
the  specific  thrust  of  the  TRD,  reduce  its  dimensions,  and  simplify 
the  design  (i.e.,  reduce  the  number  of  stages  of  the  compressor  and 
turbine)  and  as  a  result  lower  the  specific  weight  of  the  engine 
with  a  simultaneous  providing  of  high  economy  of  the  engine. 


9.^.3.  Minimum  Possible  Specific  Fuel  Consumption 

of  the  TRD 


In  connection  with  the  tendency  to  develop  highly  economical 
turbojet  engines,  it  is  necessary  to  know  at  which  values  of 
parameters  of  the  working  process  and  also  at  which  parameters  cf 
f Light  does  the  specific  fuel  consumption  take  the  minimum  possible 
values . 

For  this  purpose,  first  of  all,  let  us  determine  analytically 
tne  economic  gas  temperature  rJ(M)  . 


Let  us  transform  expression 


laving  substituted  in  it 


Cyt  -  •TfOJ  , 


yi 


«K.C  ", 


(9.36) 


a*  -r-  ^r\+' v*  ~v] •  ( 9  • 37 } 


Then  after  simple  conversions  we  obtain 

x  —  b 


cy<  /  ~77 


(9.38) 
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wnere 


*  »  Tl  J 


•  02  - 

M2 

—  u,< 

I 

1  \. 

.tJ1’  J 

|/!'T  ('-t)*"' 


3600^^ 


Let  us  find  the  minimum  of  the  function  from  condition 

rfCy, 

“^T“a 

Assuming  that  *  - conM;  M„  -  eon*»;  Tu  « conM;  tjf  « const  and  n*««ton*l.  after  a 
:eries  of  conversions  we  obtain 


(f)  -«'■]/ n-4  'It-- 


(o.  jiO 


From  formula  (9.39)  it  follows  that  the  higher  the  economic 
value  of  the  gas  temperature  in  front  of  the  turbine,  the  greater 
the  M  number  of  flight,  the  greater  the  air  compression  ratio  and 
the  lower  the  efficiency  of  expanding  and  efficiency  cf  compression. 

Let  us  examine  a  particular  case. 

Operation  of  a  TRD  on  a  Test  Stand  (V  *  0) 

In  this  case  formula  (9-39)  takes  the  following  form: 
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Having  substituted  (9.^0)  into  equation  for  C„  (9.38),  we  obtair. 
after  simplifications 


( 9  •  ^  1  > 


.  w  fine  the  value  of  the  optimum  economic  c empress  1  or. 

v  tt  I  at  whi  :h  the  minimum  specific  fuel  consumption  has  the  least 
v  i .  i  -  "min imum-mlnlmorum"  of  the  specific  fuel  consumption 


:  *n!  :  at  Inve  ;t  lgate  the  function  (9.^1)  at  n.ninum. 

r  :i  •  arid  it!  on  *■*  o  we  find  after  conversions 


/i  -  <»np»tt 
'i-tft,,  ‘ 


(9.A2) 


Thus,  the  economic  compression  ratio  at  which  the  specific 
fuel  consumption  reaches  an  absolute  minimum  depends  only  on  the 
'■IT!  tier,  -y  .'f  expansion  and  compression. 

Let  us  examine  the  numerical  example. 

Let  Uo  assume  tnat  given  is:  r#-288*K;  tj.-0.85;  {„ .,“0.07;  //. -10250 

kcal/kg. 

Further  according  to  equation  (9*^2)  we  find  n,MJ,i)-38 

* 

and  T-.  ■  910°K.  Then  according  to  equation  (9.^0)  we  determine 

£•  f  § 

According  to  found  values  of  T ^  and  T 2  we  find  epm-0,29 
kcal/dcg* deg) .  Finally,  with  the  help  of  equation  (9.^1)  let  us 
determine  t->4 »i>„,(.)-o,62  kg/(kgf*h).  In  this  case  #»*-26  kgf/(kg/s). 
Calculations  show  that  with  further  improvement  of  gas-air  channel 
of  the  TRD  C„  ■  O.56-O.58  kg/(kgf*h)  can  be  obtained. 


218 


Figure  9.21  gives  dependence  C„-/(rJ) for  different  a-coost.  There 
the  envelope  of  these  curves  are  drawn,  which  fixes:  the  absolute 
minimum  of  specific  fuel  consumption  of  the  TRD  and  also  optimum 
values  of  the  economic  gas  temperature  and  economic  compression  ratio. 


■7* 


n-comt 


1\\V  Ifl 

mv/J 


Fig.  9.21.  Determination  of 
the  concept  of  minimum  possible 
specific  fuel  consumption. 


CHAPTER  10 

THERMODYNAMIC  PRINCIPLES  OF  THE  CONTROL  OF 
TURBOJET  ENGINES 

10. 1.  Concept  Operational  Charaeterlst! cs 
of  Aircraft  Engines 

Operational  characteristics  of  aircraft  engines  (including  gas- 
turbine)  are  called  dependences  which  show  the  effect  of  conditions 
f  operation  r,n  th-  effectiveness  of  the  engine  and  its  main 
characteristics  -  thrust,  power,  specific  and  hourly  fuel  cons umpt ion . 

These  conditions  of  operation  include:  state  of  external 
atmosphere  (pressure,  temperature,  humidity  of  the  air),  flight 
parameters  (altitude  and  speed  of  movement  of  the  aircraft),  program 
of  control  of  the  engine  (determining  selected  regularity  of  the 
change  in  eontrolluDle  variables),  peculiarity  of  operation  of  the 
engine  on  the  aircraft  (system  inlet  and  exit  aircraft  channels ) . 

Operating  conditions  determine  the  regime  of  operation  of  the 
engine.  The  latter  is  estimated  by  regime  parameters,  to  which  refer 
suen  "strictly  engine"  parameters,  as,  for  instance  the  number  if 
revolutions  of  the  engine,  the  position  of  tne  regulator  of  the 
critical  (exhaust)  section  of  the  exhaust  nozzle  and  others,  and 
also  the  above  parameters  of  " external "  effect  on  the  engine 
(flight  conditions,  state  of  external  atmosphere). 

The  effectiveness  of  the  engine  is  determined  not  only  by  its 
basic  "exhaust"  indices  (thrust,  power,  specific  fuel  consumption), 
but  also  by  such  most  important  operational  properties,  as,  for 
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ini  ',  nice:  by  the  tendency  toward  unstable  operation,  the  level  of 
noise  produced  by  the  engine,  level  of  reliability  and  service  life 
of  the  engine. 

Thus,  the  operational  characteristics  of  aircraft  gas-turbine 
engines  show  the  regularities  of  the  change  in  parameters  of 
effectiveness  of  the  engine  from  its  regime  parameters,  which 
considering  the  variety  of  operating  conditions. 

T+  is  necessary  to  keep  in  mind  that  conditions  of  operation, 

■  .  i  .  dally  with  prolonged  operation,  have  considerable  effect  on 
the  reliability  of  the  engine,  causing  mechanical  disturbances  and 
deformations  of  the  gas-air  channel  of  the  engine  and  of  its  elements 
(warping,  dents,  corrosion,  erosion  of  blades,  carbon  formation,  ice 
if-ncsit,  growth  of  radial  clearances,  wear  of  labyrinths,  misalignment 
separate  subassemblies).  This  leads  to  a  drop  in  the  efficiency  of 
these  subassemblies,  conditioning  the  worsening  of  basic  indices  of 
the  engine,  disturbes  the  thermal  engine  operating  regime  (over¬ 
heating  of  the  hot  part  is  possible),  and  causes  unstable  operation 
of  the  compressor. 

10.1.1.  Forms  of  Operational  Characteristics 

Operational  characteristics  of  aircraft  gas-turbine  engines  are 
subdivided  into  throttle ,  high-speed ,  altitude  and  also  special. 

Throttle  characteristics  are  dependences  of  basic  indices  of 
operation  of  the  engine  (thrust  and  specific  fuel  consumption)  on 
its  regime  parameters  (for  example,  on  the  number  of  revolutions)  on 
regimes  of  "partial"  load,  with  (throttling)  of  fuel  feed  into  the 
combustion  chambers.  The  greater  the  degree  of  throttling  of  the 
fuel  feed,  the  less  the  thrust  of  the  engine;  however,  specific 
regularities  of  the  change  in  parameters  of  the  engine  and  also  its 
economy  can  be  different  depending  on  the  assigned  program  of  control. 

High-epeed  and  altitude  characteristics  of  the  engine  show  the 
change  in  basic  indices  of  its  operation  depending  on  conditions  (of 

velocity  and  altitude)  of  flight  at  the  assigned  program  of  control  of 
the  engine. 


Sometimes  the  altitude-high-speed  characteristics  of  the  engine 
are  depicted  in  accordance  with  the  specific  profile  of  flight  of  the 
aircraft.  Such  characteristics  are  very  -v'^ar  sir.  :r  ;■  '  - 

what  way  in  flight  the  concordance  of  required  thrust.s  (p-swor,' 
the  aircraft  and  available  thrusts  (power)  of  the  engine  is  produced. 

Throttle  and  high-altitude-high-speed  characteristics  of  the 
engine  must  consider  the  possible  physical  limitations  appearing 
with  the  operation  of  the  engine  and  the  specific  range  of  their 
operation.  These  include  limit*  t’.ons  conditioned  by  the  following: 

1)  strength  of  the  parts  (subassemblies); 

2)  appearance  of  maximum  permissible  gas  temperatures; 

3)  appearance  of  unstable  regime  of  operation; 

4)  appearance  of  regimes  of  gas-dynamic  choking  of  the  gas -air 
channel; 

5)  appearance  of  regime  of  auto-oscillations  and  vibrations. 

10.1.2.  Methods  of  Obtaining  Characteristics 
of  the  Engine 

Characteristics  of  the  engine  can  be  obtained  experimentally 
by  means  of  tests  of  the  engine  on  a  test  stand  or  in  flight  on  the 
so-called  flying  laboratories.  They  can  also  be  obtained  analytically 
with  a  high  degree  of  authenticity.  To  obtain  sufficiently  accurate 
characteristics  of  the  engine  by  calculation,  it  is  necessary  to  have 
model  or  specific  characteristics  of  separate  subassemblies  or 
semi-empirical  dependences,  which  with  acceptable  accuracy  reproduce 
such  characteristics. 

The  usual  test  stands,  which  are  found  at  aircraft  serial  or 
repair  plants,  allow  removing  the  earthly  "test  stand"  characteristics 
of  the  engine  and  reduce  them  to  the  so-called  standard  atmospheric 
conditions  (pQ  ■  760  mm  Hg  and  TQ  ®  288°K  at  V  •  0  and H  =  0). 
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To  obtain  altitude-high-speed  characteristics  there  must  be 
special  test  stands,  which  allow  the  simulating  altitude-high-speed 
conditions  of  flight,  in  other  words,  to  reproduce  at  the  entrance 
into  the  engine  as  well  as  at  the  exit  from  it  the  necessary  values 
'if  pressure  and  of  temperatures  of  the  gas.  Such  special  test  stands 
with  altitude  chambers  are  very  complex,  bulky  and  expensive  devices, 
‘t’o  operate  them,  expenditures  of  enormous  energy  power  are  required. 
The  creation  of  such  test  stands  are  of  interest  only  to  special 
scientific-research  and  designer  organizations. 

The  most  reliable  method  of  obtaining  flight  characteristics  of 
an  engine  is  the  use  of  the  flying  laboratory.  An  example  of  such 
a  laboratory  is  the  English  aircraft  Avro  "Ashton,"  created  on 
the  basis  of  the  bomber  Avro  "Vulcan"  and  equipped  with  four  Rolls- 
Royce  "Avon"  TRD.  As  a  flying  laboratory  in  the  USA  it  is  planned 
to  use  the  supersonic  experimental  bomber  Boeing  [sic]  "VaLkerie" 
B-70,  designed  for  flights  with  an  MQ  =»  3*0  number. 

Disadvantages  of  flying  laboratories  are  their  complexity  and 
high  costs  and  also  limitedness  of  range  of  high-altitude-high-speed 
tests  (at  Mq  and  H  numbers),  which  is  determined  by  flying  and 
technical  data  of  the  aircraft  laboratory.  It  is  obvious  that  the 
new  engine  cannot  be  tested  at  speeds  and  altitudes  of  flight  which 
are  inaccessible  for  the  aircraft  laboratory. 

As  regards  to  the  analytical  method  of  obtaining  characteristics 
of  the  engine,  at  present  it  has  reached  a  high  degree  of  perfection, 
especially  in  connection  with  the  advent  of  electronic  computers. 
Characteristics  of  engines  obtained  ir.  such  a  way  give  a  small  degree 
of  error,  a3  a  rule,  not  exceeding  2-3 %. 

10.1.3.  Control  Elements  and  Controllable 
Variables  of  the  Qas  Turbine 

Any  gas-turbine  engine  has  regulating  elements  with  the  help  of 
which  it  is  possible  to  assign  and  change  the  process  of  operation 
of  the  engine.  Control  elements  of  the  aircraft  gas  turbine  include, 
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first  of  all,  a  fuel  feed  regulator,  usually  inturi im;  .1  ivlti. 
automatic  regulator  of  the  number  of  revolutions.  The  regulator  of 
revolutions  is  intended  for  maintaining  the  constant  r. :* 
revolutions  of  the  engine  at  a  fixed  posit  i.-n  oi  ....  :  ; 

(jf  the  engine  [RUD]  (PY£).  Acting  with  the  heip  of  tne  HUJ  :u  the 
regulator  cf  the  fuel  feed,  it  is  possible  to  change  the  flow  f 
in  the  combustion  chamber  and,  consequently,  change  the  regime  of 
operation  of  the  engine  determined  by  its  number  of  revolutions.  Thus, 
the  control  clement  (regulator  of  fuel  feed)  through  the  rejula i in? 
factor  (flow  of  fuel  per  second  of  engine)  acts  or.  tne  rry  'm 
parameter  of  the  engine  (number  of  revolutions). 

The  basic  parameters  of  the  TRD  -  its  thrust  am:  op-  cific  fuel 
flow  (at  assigned  values  of  efficiency  of  elements  of  the  engine,  and 

aLso  the  speed  and  altitude  of  flight)  -  are  functions  T  two 

«  • 

parameters  of  the  wonting  process:  *  and  f,.  Thus,  to  cm.t:  .1  tne 

engine  on  the  test  stand  and  in  flight,  there  must  be  the  two  named 
Independent  control  parameters. 

One  should  keep  in  mind  that  immediate  control  n  is  inconvenient, 
complicates  the  design  of  the  engine,  and  requires  the  introduction 
of  special  regulators.  It  is  substituted  by  the  control  of  numbers 
of  revolutions,  which,  as  is  known,  furthermore,  determine  the 

strength  of  the  elements  of  the  turbocompressor.  With  an  increase 

* 

in  the  r/rnln  of  the  TRD  the  rate  of  air  flow  increases,  ana  ^  also 
increases . 

ft 

Thus,  the  control  regime  parameters  of  the  TRD  are  n  and  l" y 

If  the  TRD  has  Invariable  geometry,  the  change  in  fuel  feud 
simultaneously  changes  the  parameters  n  and  T ^  according  to  the 
scheme 

C,  n  -*  Ty 

When  the  engine  (TRD). has  two  control  elements  independent  from 
each  other  (for  example,  a  regulator  of  fuel  feed  and  regulator  of 
exhaust  nozzle),  and,  consequently,  two  regulating  factors  (fuel 
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consumption  per  second  (?T  and  critical  or  exhaust  section  of  the 
exhaust  nozzle  /c>)»  the  number  of  regime  parameters  independently 
controllable  from  each  other  is  also  equal  of  two  (number  of  revolutions 
of  the  engine  «  and  temperature  of  the  gas  in  front  of  the  turbine 
T  . ) .  In  this  case  control  of  the  TRD  is  produced  according  to  the 
soiieme 


<?f—a  and/»**rj. 

fh-u«-ra]  ly ,  the  number  of  independently  controllable  variables  is 
1  wr.’iys  equal  to  the  number  of  controllable  factors. 

The  more  complex  the  aircraft  gas  turbine,  the  greater  the 
number  of  its  regulators.  Additional  regulators  of  the  TRD  [TRDF] 
(TP4<t)  can  be  these  regulators:  angles  of  exit  of  the  nozzle  box 
assembly  of  the  turbine  a^;  angles  of  incidence  of  guide  vanes  of  the 
compressor  fn.«;  fuel  feed  into  the  afterburner  <jt*  etc.  The  corresponding 
regime  parameters  can  be: 

*|l 

10.2.  Control  Programs  of  the  Engine 

The  control  pugram  of  a  gas-turbine  engine  should  be  understood 
as  the  regularity  of  the  change  in  processes  of  operation  of  the 
engine  and,  consequently,  parameters  of  the  working  process  determined 
by  the  position  of  control  elements.  This  regularity  of  the  change 
in  parameters  of  the  engine  pursues  the  goal  of  providing  the  most 
advantageous  flow  of  characteristics  of  the  engine. 

Examples  of  programs  of  control  are  programs  of  control  for 
maximum  thrust  (power)  of  the  engine,  better  economy  of  the  engine, 
c<  nservation  of  complete  similarity  of  operation  of  the  turbo¬ 
compressor  minimum  sound  level  of  the  engine  at  the  assigned  thrust, 

etc. 
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The  simplest  programs  of  control  of  the  engine  with  res:  <  jt  it 
speed  and  altitude  of  the  flight  are  programs  providing  the 
invariability  of  the  flow  part  of  the  engine .  .’..eh  \  rcgr..-o  r.  •_ 

called  programs  of  control  with  invariable  ge  .meti  .  r  *  r.-  tv.  . 

10.1.1.  Program  of  Control  of  the  T.HD  for 
Maximum  Thrust 

One  of  the  most  widespread  programs  is  the  program  of  ooi  t  r  1 
for  maximum  thrust.  This  program  automatically  provides  the 
obtaining  at  all  speeds  and  altitudes  of  flight  of  maximum  thrust. 
For  its  fulfillment  the  observance  of  the  following  coalitions  ! :: 
r.vcossarj  : 

1)  maintaining  the  maximum  and  constant  number  of  rev ;  lut  1  ons. 
of  the  engine  ,  i . e .  , 


const; 

i.)  maintaining  the  maximum  and  fixed  temperature  in  front  of  the 
turbine  ,  i .e.  , 

n-rj,..., -const. 

Actually,  the  fulfillment  of  condition  1  provides  the  obtaining 
of  the  maximum  rate  of  air  flow  <J  and  maximum  comp-res  •. Ion  ra:  K 

B 

(see  further  Fig.  11.6);  the  observance  of  condition  2  provides 
together  with  the  fulfillment  of  condition  the  obtaining  of 

the  maximum  specific  thrust  (see  Fig.  9.9). 

Thus,  the  product 

“  Run 


appears  maximum  at  any  assigned  values  //  and  V. 

Maintaining  the  maximum  number  of  revolutions  13  achieved  with 
the  help,  for  example,  of  a  centrifugal  regulator  of  revolutions 
(of  the  Watt  type  of  regulator)  Interlinked  with  automatic  unit  of 
fuel  feed. 
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Maintaining  the  maximum  temperature  of  the  gas  T ^  is  a  complex 
problem.  It  can  be  provided  by  direct  and  indirect  means. 

i 

For  direct  control  T ^  ■  const  it  is  necessary  to  transmit  a 
puiue  obtained  from  thermocouples  installed  at  the  entrance  into  the 
nozzle  box  assembly  of  the  turbine  into  automatic  fuel  unit  for  the 
limitation  or  Increase  in  fuel  feed  supply  into  the  combustion  chamber. 
Such  automatic  units  are  installed  on  a  number  of  Soviet  and  foreign 
engines. 

« 

In  a  number  of  cases  the  condition  of  conservation  T ^  ■  const 
is  observed  quite  accurately  automatically.  Let  us  assume  that  at 
all  flight  speeds  the  pressure  difference  in  the  jet  nozzle  is 
supercritical,  i.e.,  ■  1.0.  Then,  on  the  basis  of  expression 

(7.1*0,  with  an  Increase  in  the  flight  speed  the  drop  in  pressures 

e 

in  the  turbine  ir  likewise  remains  constant. 

Consequently,  from  equality 


or 


we  find 


If  4„«--con*t  when  n=con*t  and  rj—v*r,  then  rj=con«t. 


10.2.2.  Program  of  Control  of  the  Turbojet  Engine 
with  Invariable  Geometry 

With  invariable  geometry  </i-consl;  ac.,*-const;  f„.,~  const)  the  engine 
his  a  single  automatic  unit  of  fuel  feed,  interlinked  either  with 
the  regulator  of  the  number  of  revolutions  or  with  the  regulator 
of  gas  temperature  in  front’  of  the  turbine.  In  this  case  the  possible 
programs  of  control  with  respect  to  the  speed  and  altitude  of  flight 
have  the  form: 
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1)  n  —const  fr;=var)  and  2)  rj  =  const  («-=  var). 


When  q().s)  =1,0  (i.e.  ,  .-t,  =-const)  and  Z.M-const  when  n  =  \-nrt  ,  vlfL.  i 

* 

change  in  speed  and  altitude  of  flight  we  have  r  =  ec.nct ,  .v.u ,  :.nus 
control  programs  1  and  2  completely  coincide  with  control  program  for 
maximum  thrust. 

« 

If,  however,  when  n  -  const  we  have  =  var,  then,  in  considering 
the  need  of  the  limitation  of  temperature  T ~  by  its  maximum  permissible 
value,  it  is  easy  to  draw  the  conclusions  about  the  fact  that  at  all 
speeds  and  altitudes  of  flight,  where  7'5<rj(miI),  the  thrust  of  the  TRD 
will  be  lower  than  that  In  the  case  of  the  control  program  for  maximum 
thrust . 


10.2.3.  Control  Program  of  the  Turbojet  Engine 
for  the  Greatest  Economy 

The  control  program  of  the  TRD  for  the  greatest  economy  is  used 
for  example,  In  the  case  of  flight  range.  It  consists  in  the  providing 
of  minimum  specific  fuel  consumption  at  the  assigned  magnitude  of 
throttled  thrust  at  a  cruising  regime  of  flight. 

In  such  a  case  when  the  TRD  has  fixed  geometry,  the  fixed  value 
of  thrust  with  respect  to  the  throttle  characteristic  corresponds 
to  the  single  value  C  .  In  the  presence  of  tne  controllable  exhaust 
nozzle,  for  condition  R  -  const  it  is  possible  to  find  the  combination 

II  II 

of  values  T,  and  n  (or  T.}  and  ir*)  at  which  Cya=Cya(min). 

10.2.^.  Control  Program  of  the  Turbojet  Engine  for 
Complete  Similarity  of  the  Regime  of  Operation 
of  the  Turbocompressor 

The  above  control  programs  n  *  const  have  an  Important  general 
feature  -  with  the  change  in  speed  and  altitude  of  flight  the  regime 

point  of  the  compressor  is  moved  into  the  field  of  the  characteristic 

# 

of  the  latter.  The  more  the  change  in  T  ,  the  more  change  in  the 
given  revolutions: 
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and  the  greater  the  danger  of  the  drop  in  efficiency  and  productivity 
of  the  compressor,  appearance  of  undesirable  physical  limitations  of 
its  operation  -  separations  of  flow,  surging,  local  flow  chokings; 
in  short,  the  effectiveness  of  the  compressor  can  considerably  become 
worse. 


Tht  tendency  to  provide  the  best  and  fixed  conditions  of  operation 
1  u»e  compressor  and  also  turbines  led  to  the  development  of  the 
program  of  control  for  complete  similarity  of  the  regime  of  operation 
of  the  turbocompressor.  Conditions  of  the  realisation  of  such  program 

are : 


1)  constancy  of  reduced  revolutions  of  the  turbocompressor 


2)  constancy  of  reduced  gas  temperature  in  front  of  the  turbine 

-7$  •?—«*>*.  or  rj-C 

With  fixed  geometry  of  the  TRD  the  observance  of  conditions  1 
and  2  automatically  provides  complete  similarity  of  the  regime  of 
operation  of  the  compressor. 

Actually,  from  equality 

or 

1187*^-102, Sr.Otf*- 1)  -7-. 

% 

it  follows  that  when  — j-— cqnst  we  have  n*— const,  setting 

*1 

const  [for  const  and  nj— const. 
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The  observance  of  relations  n np<=>consl  and  a*  =  const  can  be  examined 
as  the  fulfillment  of  conditions  of  complete  gas-dynamic  similarity 
of  the  compressor. 

The  observance  of  conditions  1  and  2  also  automatically  provides 
similarity  of  the  regime  of  operation  of  the  turbine .  Actually,  from 
relation  £r  =  ll87*JiX  when  nj^const  (for  it  follows  that 

=  const. 

T\ 

Comparing  conditions  1  and  2,  we  also  find  that 

-"—const.  (b) 


However,  equalities  (a)  and  (b)  can  be  examined  as  conditions 
of  providing  the  similarity  of  the  process  of  operation  of  the 
t  urblne . 

The  control  program  for  complete  similarity,  guaranteeing  the 
optimum  conditions  of  work  and  operation  for  the  turbocompressor  of 
the  TRD,  considerably  affects  the  regularities  of  the  change  In 
thrust  and  specific  fuel  consumption  of  the  engine  with  respect  to 
speed  and  altitude  of  flight. 

Kor  realization  of  the  considered  program  of  control  of  the  TRD 
(when  j)  "  I)  it  is  sufficient  to  provide  fuel  feed  into  the  combustion 
chamber  according  to  the  law 


and 

it  which  the  constancy  of  reduced  temperature  is  observed,  or 

n-K 

in  this  ca3e  the  constancy  of  reduced  revolutions  of  the  rotor 
of  the  TRU  will  be  automatically  observed. 
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10.3.  Joint  Work  of  Turbine  and  of  Compressor 
In  System  TRD 

Characteristics  of  the  TRD  are  to  a  certain  extent  determined 
ty  the  Joint  operation  of  basic  elements  of  the  engine,  in  the  first 
place,  the  compressor  and  turbine. 

With  a  change  in  the  regime  of  operation  of  the  engine  the 
compressor  and  turbine  operation  jointly,  their  parameters  cannot 
change  randomly.  The  Joint  operation  of  the  compressor  and  turbines 
inormined  by  the  fact  that:  air  outgoing  from  the  compressor 
.nters  into  the  turbine;  the  power  necessary  for  rotation  of  the 
compressor  is  generated  by  the  turbine;  numbers  of  revolutions  of  the 
compressor  and  turbine  are  identical  (between  them  there  is  a  rigid 
kinematic  connection). 

The  basic  equations  of  the  joint  operation  of  the  compressor 
and  turbine  of  the  TRD  pertain  to  the  four  equations  enumerated 
below. 


1.  Equation  of  flow,  or  equation 
of  material  balance 


This  equation  establishes  the  dependence  between  flow  rates  of 
air  per  second  at  the  entrance  into  the  compressor  and  the  gas 
through  the  turbine. 


It  has  the  form 


G,-Q,-On  +  G  t,  (10.!) 

where  c,  —  flow  of  air  at  the  entrance  into  the  compressor;  Gr—  flow 
of  gas  through  the  turbine;  0#T—  quantity  of  air  bled  from  the 
compressor:  for  cooling  turbines,  for  aircraft  needs  (drive  of 
aircraft  units,  blow  away  of  the  boundary  layer,  etc.),  for  the 
antisurge  bypass  system;  G,—  fuel  expense  in  the  combustion  chamber. 
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Expression  (10.1)  can  be  written  thus: 


G' 


where 


P 


1. 


Equation  the  ballance  of  power  (equation  of 
energy  balance) 


We  have 


( L0. j) 


who:"3  i),„  .mechanical  efficiency,  considering  frlvtir:  It!  beu”'. 

the  turbocompressor,  and  also  expenditures  of  power  for  driving  the 
units  (fuel  pump,  counter  or  revolutions,  generator,  oil  pumps  ar.d 
others).  Usually  n«  =*0,99—0.995. 


Let  us  write  down  expression  (10.3)  in  :erms  of  work  of  the 
compressor  and  turbine: 

i  g  B 

*'lUf  _  • 


or 


Equation  (lO.'l)  i3  called  the  equation  of  balance  of  the  works. 

3.  Equation  of  equality  of  numbers 
of  revolutions 

In  turbocompressors  of  contemporary  TRD 

III  m  flu**  It  I 


‘There  are  schemes  of  turbofan  engines  in  which  *,*»•. 
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4.  Correlation  between  compression  ratio  of  the 
compressor  and  expansion  ratio  of  the  turbine 


where 


•  • 

,=_WVm_ 

*T= 


10.3.1.  Equation  of  the  Line  of  Working  Regime 

Using  equations  (10.1)  and  (10.4)  -  Joint  work  of  the  compressor 
and  turbine,  it  is  possible  to  derive  the  generalized  equation  of  the 
line  of  working  regimes  of  the  TRD  in  the  form  of  the  functional 
dependence 

and  apply  it  to  the  characteristic  of  the  compressor  of  the  TRD. 

Let  us  write  down  the  relation  between  flows  of  air  and  gas  for 
the  section  at  the  entrance  into  the  compressor  (1-1)  and  critical 
section  of  the  nozzle  assembly  box  of  the  turbine  (c.«--c.a). 

We  have 


or 


*.  -4r/,*(W~'"r -~r /«*<»...*  (10.5) 

Vt\ 

Noting  that  fj— fj;  we  reduce  equation  (10.5)  to 

the  form 
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(10.6) 


where 

/»  ~ 

A — - — - —  =  const. 

/f.»?  I^m)  't.i  *«.e 

If  we  take  mjmr  =  1,0;  <»*^  =  1,0  and  a*£=1,0,  then  A—fJf'  f 

Equation  (10.6)  is  the  transformed  equation  of  flow.  On  the 
characteristic  of  the  compressor  in  coordinates  nj  and  this 

equation  for  different  values  a=»— £-  =  cOnst  is  depicted  as  a  pencil  of 

ft  ft 

straight  lines.  The  greater  A  (i.e.,  the  more  and  the  less  T  ), 

J  ^ 

and  the  more  the  slope  of  the  straight  line  A  =  const  (Fig.  10.1). 


Fig.  10.1.  Family  of  lines  A  = 

■  const  on  the  characteristic  of 
the  compressor. 


Let  us  now  transform  the  equation  of  balance  of  works  (10.4). 


We  have 

Kiisw;-  io2,6r,(e;- 1) 

whence  we  find 


£L  102,6 

K  "  1,8  Psn^ru  ’ 


(10.7) 
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Let  us  now  substitute  the  obtained  value  rjT]  into  the  equation 

(10.6). 

Then  after  simple  conversions  we  obtain 

— 7fis=r  vf.  (lo.e) 

V  -5-rr! 

where 

c_  (m,/mr)  (f\!/c.,y 

V.Vcj/  i02,5  •f’li’l" 

Expression  (10.8)  is  called  the  equation  of  the  line  of  working 
regimes . 


Let  p= const;  »£— const;  i)J=con$t  and  nJr=const  (i.e.  ,  X,=*  1.0). 

Then  the  equation  of  the  line  of  operating  regimes  (10.8)  will 
be  depicted  on  the  characteristic  of  the  compressor  in  the  form  of 
a  parabolical  curve  abe  (see  Pig.  10.1)  with  the  inflection  point 
at  1 . 75 1 ) . 


*We  have 


/*;«•** -1 


|>. 


We  find  from  condition  ~-jv-  ther 


Wn. 


and  further 


i/ - — — ili - - - o. 

v  ■  ? 1 


2„;«.*“_2-0(28Cn;°',s*, 


whence 


Along  this  curve  the  gas  temperature  in  front  of  the  turbine  T ^ 
continuously  drops.  This  is  found  in  complete  correspondence  with 
equation  (10.7)  at  conditions  stipulated  above  (p  =  1,0;  nj  =  const;  ij*  =  const; 
t)’~  const). 


If,  however,  we  take  into  account  the  practical  regularity  of 
the  change  nT*  (see  further  Pig.  11.2),  and  also  the  drop  in  ij;  and  t)’ 
(see  further  Pig.  11.1)  in  the  area  of  small  numbers  of  revolutions, 

then  the  real  line  of  the  operating  regimes  will  be  depicted  by  the 

# 

curve  aed  (see  Fig.  10.1).  Along  this  line  the  gas  temperature  T ^ 
in  the  beginning  drops,  reaches  a  minimum,  and  then  continuously 
increases . 


10.3.1.1.  Effect  of  Adjustment  of  the  Jet 
Nozzle  on  the  Position  of  the  Line  of  Operating 
Regimes . 

The  line  of  operating  regimes  aod  (see  Fig.  10.1)  is  conditionally 
designated  as  =  const,  since  it  is  plotted  on  the  assumption  that 
the  exhaust  (critical)  section  of  the  jet  nozzle  is  :.„l  regulated. 

Each  value  of  -  const  corresponds  to  the  single  line  of  the 
operating  regimes.  With  "opening"  of  the  jet  nozzle  (i.e.,  with 
an  increase  in  fc)  the  line  of  the  operating  regimes  is  displaced 

j  it 

into  the  area  of  reduced  values  n*  and  Ty  With  the  "closing"  of 

the  jet  nozzle,  conversely,  the  line  of  operating  regimes  shifts 

» 

into  the  area  of  raised  values  and  Ty 

Figure  10.2  gives  a  family  of  lines  of  operating  regimes  = 

*  const. 


Fig.  10.2.  Family  of  lines  of 
operating  regimes  =  const. 
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]  0 .  3 .  1 .  ?. .  Effect  of  Adjustment  of  the  Jet 
Nozzle  on  the  Regime  of  Operation  of  the 
Turbonompressor  when  «np  ■  const . 

With  an  increase  in  the  exhaust  section  of  the  Jet  nozzle  the 
regime  point  of  the  turbocompressor  [TK]  (TK)  is  moved  along  the 
pressure  characteristic  of  the  compressor  (flap** const)  into  the  area  of 
reduced  values  si*  and  T^l  with  "closing"  of  the  jet  nozzle,  conversely, 
the  regime  of  operation  of  the  TK  is  displaced  in  the  area  of  raised 
values  si*  and  Ty 

Actually,  with  the  "opening"  of  the  Jet  nozzle,  i.e.,  with  an 
increase  in  its  exhaust  (critical)  section,  instantly  the  counter¬ 
pressure  behind  the  turbine1  and,  consequently,  the  pressure 
difference  on  the  turbine  increases.  Thus,  the  work  of  the  turbine 
nt  the  assigned  number  of  revolutions  becomes  more  than  the  work  of 
the  compressor: 

Lt>^K« 


and,  consequently,  the  number  of  revolutions  of  the  turbocompressor 
tends  to  grow.  However,  since  the  regulator  of  revolutions  maintains 
n  »  const,  then  it  decreases  the  fuel  feed  in  the  combustion  chamber, 
as  a  result  of  which  the  gas  temperature  ir  front  of  the  turbine  will 
decrease.  Simultaneously  -  for  concordance  of  rates  of  air  flow 
through  the  compressor  and  gas  flow  through  the  turbine  -  the  compres¬ 
sion  ratio  of  the  compressor  will  be  lowered.  Thus,  the  regime  point 
of  the  compressor  will  be  displaced  along  the  line  nnp=const  of  the 
compressor  from  position  to  a  position  b  (see  Pig.  10.2). 

J 0 . 3 . 1 . 3 .  Effect  of  Adjustment  of  the  Nozzle 

Box  Assemby  of  the  Turbine  for  the  Regime  of 

bpe rati on  of  the  Turbocompressor  at 

k  -  const. 
nP  - 


Let  us  examine  how  the  adjustment  of  the  critical  section  of  the 
nozzle  box  assembly  of  the  turbine  affects  the  regime  of  operation 
of  the  turbocompressor  at  fixed  revolutions  of  the  turbocompressor. 


i  . 

«r 


«»1 

Jo 


=»  conM- 


fil 

/t.W  (^4) 


~/s  [see  equation  (7.14)]. 
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Adjustment  of  the  critical  section  of  the  nozzle  box  assembly 
is  carried  out  by  means  of  synchronous  turning  of  blades  of  the 
nozzle  box  assembly  by  a  special  mechanism;  the  connection  between 
the  angle  of  exit  of  the  nozzle  box  assembly  and  its  critical 
section  has  the  form  (Pig.  10.3)* 


tb  sin  at. 

where  t  -  blade  pitch  of  the  c.a;  b  -  height  of  the  blades  of  the 
c.  a. 


Fig.  10.3.  Diagram  of  an  adjustable 
nozzle  box  assembly  of  a  turbine. 

Thus,  with  a  decrease  in  a,  magnitude  f  is  decreased;  with 

X  K  p 

an  increase  in  magnitude  f  increases. 

From  the  equation  of  flow  (7.1k)  it  follows  that  an  increase  in 
/  decreases  the  drop  in  pressures  on  the  turbine  nj.  Actually,  the 
larger  angle  a^,  the  less  the  circumferential  component  of  velocity 
of  outflow  from  the  nozzle  box  assembly  of  the  turbine  C|„  =  C|  cos  a!  and 
the  less  the  work  of  the  turbine  stage 

L,  ~  —  (<*i  cos  a,  +  e2  cos  aj). 

« 

Consequently,  at  the  same  value  T ^  the  pressure  differential  jt * 
will  be  less. 

Howe.er,  with  a  drop  in  **  for  the  conservation  of  the  balanced 

regime  of  revolutions  the  regulator  of  fuel  feed  will  increase  the 

* 

fuel  feed  into  the  combustion  chamber.  Ultimately  increases. 

This  will  lead,  in  turn,  to  a  growth  in  .t*  and  to  the  displacement 


238 


ft 

jf  me  regime  point  of  the  TK  into  the  region  of  raised  values  T ^ 
and  .i‘  • 

Thus ,  the  "opening"  of  the  jet  nozzle  and  increase  in  critical 
■ectirr.  cf  the  nozzle  box  assembly  of  the  turbine  when  »„,,  =  const  have 
an  opposite  action  on  the  change  in  rx*  and  T 

Figure  10.-4  gives  a  family  of  lines  of  operating  regimes  /ca  =  const. 
With  an  increase  in  the  critical  section  of  the  nozzle  box  assembly 
Of  m,  •  n-bi-.a  (<//<•„> 0)  ,  the  line  of  the  operating  regimes  is  displaced 
the  region  of  raised  values  .t*  and 

The  me:hod  described  influences  of  the  change  in  the  critical 
section  of  the  c.a  of  the  turbine  on  parameters  of  the  engine  are 
ff'ccuently  used  at  aircraft  plants  in  process  of  finishing  of 
experimental  engines. 

Fig.  10.4.  Family  of  lines  of 
operating  regimes  f  .  =  const. 

U  ■  O 


As  regards  the  use  in  operation  of  adjustable  nozzle  box 
assemblies  (r.s.a.),  the  latter  have  not  become  widespread  because 
of  organic  defects  inherent  in  them:  high  gas  leakage  in  the  radial 
clearance  and  difficulties  in  providing  reliable  operation  of  the 
rotary  mechanism  at  high  gas  temperatures. 


10.3-2.  Peculiarities  of  Passage  of  Lines  of  Operating 
Regimes  of  High-Pressure  and  Low-Pressure 
Compressors  of  Single-Shaft  and  Double- 
Shaft  of  the  TRD  (Pig.  10.5) 


Fig.  10.5.  Comparison  of  lines 
of  operating  regimes  of  single¬ 
shaft  and  double-shaft  TRD. 


Let  us  give  a  comparison  of  lines  of  operating  regimes  of  turbo¬ 
compressors  of  high  and  low  pressures  in  the  system  of  double-shaft 
TRD  (with  free  cascades)  and  in  the  system  single-shaft  TRD  (with 
these  rigidly  connected  cascades). 

Let  us  assume  that  in  the  original,  calculated  regime,  parameters 
and  exhaust  indices  of  single-shaft  and  double-shaft  TRD  are  identical. 
Consequently,  design  conditions  of  the  operation  of  VD  and  ND 
cascades  are  depicted  on  characteristics  of  corresponding  compressors, 
which  are  plotted  in  relative  parameters  of  single-shaft  and  double¬ 
shaft  TRD,  by  the  same  point  0  (see  Pig.  10.5). 

With  choking  of  fuel  feed  in  combustion  chambers,  the  line  of 
operating  conditions  of  the  ND  compressor  of  the  single-shaft  TRD 
(OB)  will  be  gently  sloping,  approaching  the  border  of  surging;  the 
latter  is  explained  by  the  growth  in  angles  of  attack  on  blades  of 
first  stages  of  the  ND  compressor.  In  contrast  with  this,  the  line 
of  operating  regimes  of  the  VD  compressor  (OB’)  of  the  single-shaft 
TRD  will  be  ateep,  rushing  at  low  revolutions  into  the  region  of 
regimes  of  "choking." 

The  line  of  operating  regimes  of  the  ND  free  cascade  of  the 
double-shaft  TRD  (0A)  is  considerably  steeper  than  for  the  connected 
ND  cascade  (OB),  not  intersecting  the  border  of  surging.  The  line 
of  operating  regimes  of  the  VD  free  cascade  (0A'),  conversely,  is 


more  gently  sloping  than  in  the  connected  VD  cascade  (OB1),  so  that 
regimes  of  "choking”  WiU  be  automatically  removed. 

It  is  possible  to  explain  this  regularity  in  the  following  manner. 
Let  us  assume  that  at  a  certain  reduced  number  of  revolutions  n ^  of 
a  single-shaft  TRD  the  gas  flow  is  equal  to  Mentally  let  us 

disengage  at  this  number  of  revolutions  VD  and  ND  cascades.  Then 
the  single-shaft  TRD  will  become  a  double-shaft  TRD. 

A •  a  result  of  the  approached  unbalance  of  works  of  compressors 
.•ad  turbines, 

L*mn)  ■ — 
l  * 

the  number  of  revolutions  of  free  cascade  ND  will  drop,  and  the  numb*  i* 
of  revolutions  of  the  VD  free  will  increase  (in  comparison  with  the 
number  of  revolutions  of  the  turbocompressor  of  the  single-shaft  THU). 
Correspondingly,  the  ratio  of  the  compression  of  the  ND  compressor 
will  drop,  and  the  compression  ratio  of  the  VD  compressor  will 
increase.  The  total  compression  ratio,  and  also  the  flow  of  air 
through  the  TRD  in  this  case  will  change  little.  The  distribution 
of  axial  velocities  along  the  compressor  will  also  change  little. 

It  is  easy  to  conclude  from  an  examination  of  Fig.  10.5  that 
the  drop  in  n*(llJ1)  at  C  «  const  denotes  the  deviation  in  the  line  of 
the  operating  regimes  in  the  direction  of  the  leading  of  the  ND 
compressor  out  of  surging;  an  increase  in  when  G  *  const  leads 

to  a  deviation  in  the  line  of  the  operating  regimes  in  the  direction 
of  the  leading  of  the  VD  compressor  out  of  regimes  of  "choking." 

Physically  the  removal  of  surging  of  the  ND  compressor  with 
choking  of  the  double-shaft  TRD  according  to  the  number  of  revolutions 
Is  explained  in  that  a  decrease  in  circumferential  velocity  of  the 
b Lades  at  practically  the  same  magnitude  of  the  axial  velocity  leads 
to  a  lowering  of  angles  of  attack  of  the  rotor  blades;  as  a  result 
of  this  the  compression  ratio  of  the  cascade  drops,  and  the  danger 
of  flow  separation  from  the  back  of  blades  of  the  compressor  is 
decreased. 


2H1 


Similarly,  the  leading  of  the  VD  compressor  from  the  zone  of 
"choking"  is  physically  explained  by  the  fact  that  an  increase  in 
circumferential  velocity  of  the  blades  at  practically  the  same 
magnitude  of  axial  velocity  leads  to  an  increase  in  angles  of  attack 
of  the  rotor  blades;  as  a  result  of  this  compression  ratio  of  the 
cascade  increases,  and  stages  of  the  VD  compressor  are  led  out  of  the 
regime  of  "choking."  Nevertheless,  the  line  of  operating  regimes  of 
the  ND  compressor  (OA)  is  more  gently  sloping,  i.e.,  with  less  a 
stability  margin  than  for  the  VD  compressor  (OA'). 


CHAPTER  11 


THROTTLE  CHARACTERISTICS  OF  TURBOJET  ENGINES 

11.1  Concept  of  Throttle  Characteristics  of 
Turbojet  Engines 

Under  conditions  of  operation  aircraft  gas-turbine  engines 
produce  a  major  portion  of  their  service  life  in  reduced,  or  Throttle, 
regimes  at  which  the  thrust  is  considerably  less  than  maximum. 

In  the  simplest  case  when  the  engine  has  fixed  geometry  (constant 
flow  passage  sections),  the  lowering  of  the  thrust  is  provided  by 
means  of  a  decrease  in  the  number  of  revolutions.  Dependences  of 
thrust  and  of  specific  fuel  consumption  on  the  number  of  revolutions 
of  the  engine  at  the  assigned  program  of  adjustment  are  called 
aharaa teriatiaa  according  to  the  number  of  revolutions .  These 
characteristics  are  usually  supplemented  by  curves  of  gas  temperature 
behind  the  turbine.  The  latter  makes  it  possible  to  Judge  the  degree 
■f  reliability  in  the  operation  of  the  "hot"  part  of  the  engine 
(combustion  chamber,  turbine  and  jet  nozzle). 

Thus,  characteristics  according  to  the  number  'f  'volutions  is 
giver,  in  the  form  of  curves: 

#-/(«):  Cyi  =  f[n\.  T\~f(n). 

When  in  a  definite  interval  of  thrusts  the  number  of  revolutions 
,f  the  engine  is  maintained  constant,  the  choking  of  the  thrust 
Is  carried  out  by  adjustment  of  passage  flow  sections  of  the  TRD 
(Jet  nozzle,  turbine,  compressor).  In  this  case  the  throttle 
characteristics  are  depicted  in  the  form  of  dependences  of  thrust 
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and  specific  fuel  consumption  on  corresponding  parameters  of  control 
elements  of  the  engine  (for  example,  areas  of  critical  section  of  the 
Jet  nozzle). 

Sometimes  throttle  characteristics  are  presented  in  the  form  of 
the  dependence  of  specific  fuel  consumption  on  the  degree  of  choking 
of  thrust  of  the  engine,  i.e.,  Cya=/(W),  where  ft^RIR m«i- 

The  change  in  the  number  of  revolutions  of  the  engine  occurs  by 
means  of  the  change  in  fuel  feed  into  the  combustion  chamber.  The 
latter  is  carried  out  with  the  help  of  the  shifting  of  the  control 
lever  of  the  engine  (RUD),  which  the  pilot  or  tester  controls. 

With  an  increase  in  fuel  feed  into  the  combustion  chamber  the 
turbine  inlet  gas  temperature  increases;  consequently,  the  power  of 
the  turbine  increases  and  becomes  the  power  of  the  compressor,  the 
regime  of  operation  of  which  in  the  first  instant  remains  constant, 
i.e.  , 


The  surplus  power  of  the  turbine  equal  to 

M-/VT~Ar„, 

is  expended  for  the  accelerated  rotation  of  the  turbocompressor  of 
the  engine,  i.e.,  for  an  increase  in  the  number  of  its  revolutions. 

The  increase  in  the  number  of  revolutions  ceases  when  in  a  certain 
regime  again  there  is  established  the  equality  of  power 

If  we  decrease  the  fuel  feed  into  the  combustion  chamber,  then 
the  process  will  be  the  reverse:  now  the  changed  power  of  the  turbine 
will  be  less  than  the  power  of  the  compressor,  i.e., 

N,<N*. 


The  appeared  unbalance  of  power  is  eliminated  by  means  of  the 


lowering  of  the  number  of  revolutions  of  the  engine  down  to  its  new 
balanced  value,  when  again  equality  of  powers  will  be  restored.1 

11.2.  Throttle  Characterise  of  the  Turbojet  Engine 
with  Fixed  Geometry 

11.2.1.  Change  in  Efficiency  and  Coefficients 
of  Losses  of  Basic  Elements  (Subassemblies) 
of  the  Turbojet  Engine  on  the  Number 
of  Revolutions 

is  known  the  hydraulic  and  gas-dynamic  perfection  of  elements 
of  the  TRD  is  estimated  with  the  help  of  the  efficiency  n  (compressor, 
turbine),  coefficients  of  the  drop  in  total  pressure  o*  (inlet  device, 
combustion  chamber,  afterburner,  diffuser)  and  coefficient  of 
velocity  <J>  (Jet  nos  tie). 

Of  all  the  eni rerated  efficiency  and  coefficients  of  losses, 
the  most  important  -*3  the  change  in  efficiency  of  the  compressor 
according  to  the  n.unt^*  of  revolutions.  In  accordance  with  the 
mutual  disposition  Tines  of  operating  conditions  and  isolines  of 
efficiency  on  the  characteristic  of  the  compressor  (see  further 
Pig.  11.17),  with  throttling  of  the  engine  efficiency  of  the  compressor 
initially  increases  (up  to  magnitude  0.84-0.88  in  the  zone  of 
maximum  efficiency),  and  with  further  lowering  of  the  number  of 
revolutions  the  efficiency  of  the  compressor  drops  (Fig.  11.1).  Thus, 
the  efficiency  of  the  compressor,  while  being  considerably  less  than 
1,  moreover,  very  considerably  changes  with  throttling  of  the  engine 

Numerous  experimental  investigations  show  that,  the  efficiency  of 
the  turbine  has  a  steady  value  over  a  wide  range  of  numbers  of  revolu¬ 
tions  and  drops  only  In  the  region  of  great  choking  (see  Pig.  11.1). 


‘Equation  of  steady  movement  (rotation)  of  the  turbocompressor 
has  the  form 


or 


J~  - 

,tt 


6*10 


whence  it  is  clear  that  the  unbalance  of  power  of  the  turbine  and 
compressor  (N,—N»+ 0)  leads  to  a  change  in  the  number  of  revolutions 
the  turbocompressor. 


of 
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Fig.  11.1.  Change  in  efficiency 
and  coefficients  of  losses  of  basic 
elements  of  the  TRD  on  the  number 
of  revolutions. 


n 

As  regards  coefficients  with  a  high  degree  of 

accuracy  it  is  possible  to  assume  that  in  the  whole  range  of 
operating  revolutions  they  maintain  an  invariable  value,  which  differs 
little  from  unity  (see  Fig.  11.1). 

11.2.2.  Change  in  Gas  Pressure  in  Characteristic 
Sections  ol  the  Gas-Air  Channel  of  the 
TRD  with  Throttling  of  the  Engine 

With  an  increase  1 n  the  number  of  revolutions  of  the  TRD  the 
work  and  compression  ratio  of  the  compressor  continuously  increase. 
This  follows  from  expression 

/., = lo^roK0141  — •  i)  -r  ~ 

ft 

Consequently,  the  total  air  pressure  behind  the  compressor  p0 

continuously  Increases.  The  increment  in  air  pressure  in  the  channel 

of  compression  is  extended  on  the  channel  of  expansion:  the  total 

pressure  of  the  gas  in  front  of  the  turbine  pOJ  lat  the  exit  from  the 
*  d  # 

turbine  p^,  and  also  on  the  section  of  Jet  nozzle  p^  increases. 

Thus,  with  an  increase  in  the  number  of  revolutions  the  total 
pressure  of  the  gas  along  the  gas-air  channel  from  the  compressor  to 
the  exit  section  of  the  Jet  nozzle  continuously  increases  (Fig.  11.2). 

As  regards  the  total  pressure  at  the  entrance  into  the  compressor 

ft 

plt  with  an  increase  in  the  number  of  revolutions  it  somewhat  drops. 
Here  the  effect  of  the  Increase  in  hydraulic  losses  in  the  inlet 
device  of  the  engine  with  an  increase  in  Xu  (Mu). 
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Pig.  11.2.  Change  in  compression 
(expansion)  ratios  in  elements  of  the 
TRD. 


Let  us  now  examine  expansion  ratios  of  gas  in  the  turbine  and 
the  Jet  nozzle  of  the  TRD  change  with  an  increase  in  the  number  of 
revolutions . 

An  increase  in  the  compression  ratio  of  the  compressor  leads 
to  an  increase  in  expansion  ratios  of  the  turbine  and  of  the  Jet 
nozzle,  since 


However,  this  process  is  accomplished  only  in  the  subsonic  region 
of  outflow  of  the  gas  from  the  Jet  nozzle,  up  to  a  certain  number 
of  revolutions  at  which  the  drop  in  pressures  in  the  Jet  nozzle 
reaches  a  critical  value,  i.e., 


» 

— — ? — )  —1,85  (when  A=*l,33). 

With  further  growth  in  the  number  of  revolutions  and,  consequently, 
the  total  expansion  ratio,  the  drop  in  pressures  in  the  Jet  nozzle 
remains  constant,  no  matter  how  much  the  inlet  pressure  in  the  nozzle 
increases,  i.e., 

• 

— -  =const. 

As 


Thus,  the  expansion  of  thu  gas  in  the  usual  (narrowing)  nozzle 
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of  the  TRD  proves  to  be  Incomplete;  with  an  Increase  in  the  number 
of  revolutions  above  the  "critical"  on  the  section  of  the  nozzle  the 
excess  static  pressure  appears  and  continuously  Increases,  l.e. 

Pt>Pn. 

The  described  phenomenon  leads  to  one  more  important  circumstance. 
The  appearance  of  the  critical  section  in  the  Jet  nozzle  (Xj=l  and 
«(>*)- 1 )  leads  to  cutoff  of  the  turbine  with  respect  to  the  drop  in 
pressures.  This  denotes  that  now  the  expansion  ratio  of  gas  in  the 
turbine  remains  constant,  no  matter  how  much  the  number  of  revolutions 
increases ,  i . e .  , 

,i*  =  — -  ---const. 

T  *• 

P 4 

The  latter  results  from  the  transformed  equation  of  consumption 
(7.1*0  composed  for  the  system  "turbine- jet  nozzle," 

n/4~  /if  i*«) 

JT  “  ”  • 

T  /r.«?(Xc.») 

Actually  when  Xca«l  (or  const),  *  const  and  at  the  fixed 

b  « 

geometry  of  the  engine  with  an  increase  in  up  to  1  magnitude  it 
increases;  when  \n  =  1  =  const  we  find  that  n  *  const. 

o  T 

11.2.3.  Redistribution  of  Total  Expansion  Ratio 
Between  the  Turbine  and  Jet  Nozzle  with 
Throttling  of  the  Turbojet  Engine 

Let  us  examine  how  the  total  expansion  ratio  of  the  TRD  will  be 
redistributed  between  the  turbine  and  jet  nozzle  at  subcritical 
regimes  of  expiration  from  the  engine  (X»C  1,0). 

Let  us  introduce  the  following  assumptions: 

1)  v(*c.«)  =  l  or  const  over  a  wide  range  of  throttle  regimes ; 


t)  n*=*l  and,  consequently,  n**k; 

•')  Ci.e. , 

Using  the  system  of  relative  parameters,  let  us  present  the 
equation  of  flow  (7.1*0  in  the  form 

»4.| 

n‘,  **  =?(**).  (11.1) 


i.o t  us  replace  in  equaltiy 

— •  — • — • 
—  ■"fr^p.e 


parameter  aj  from  equation  (11.1).  Then  we  obtain 

r.  '/tt:.)**' 

nK  = - ~ -  . 

n(*s) 


(11.2) 


where 


Subscript  "up"  refers  to  the  critical  regime  of  outflow. 

Let  us  introduce  the  gas-dynamic  function  of  the  redistribution 
of  pressure 


n 

u (X5)  * 


(11.3) 


The  dependence  of  p(X)  on  A  when  fe  ■  1.33  is  given  on  a  graph 
(Fig.  11.3).  With  an  increase  in  A^  from  zero  to  unity  function  p(Aj) 
likewise  increases  from  zero  to 
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1,85  (*-1,33). 


1 

U(*sW 


Pig.  11.3.  Gas-dynamic  function 

u(X). 


It  is  easy  to  see  that 


H  (^j)kP 


Then  the  equation  of  the  redistribution  of  pressure  (11.3) 
takes  the  form 


H 

l*W=l,85(:(X#)=1.85Ji:«-i^L.  (H.4) 

The  determination  of  nj  and  npt  at  any  value  n*<n*(M,(  is  produced 
graphically  (see  Pig.  11.3)  or  by  the  tabular  method  according  to 
the  following  scheme: 

Ji*  -  nT  (Xfi)  |i  (\t)  -+  n  (lj)  -*•  n ’.t  -+  n*. 


Prom  Pig.  11.3  it  follows  that  in  the  range  of  values  ^px"*  1.6—1,85 

ft 

it  is  possible  approximately  to  consider  ttt  =  const  (when Jtp.c^l.S  we 
have  n*  =  0,97). 
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11 . 2 . A ,  Temperature  Change  in  Gas  in  Characteristic 
Sections  of  the  Gas-Air  Channel  of  the  TRD 
on  the  Number  of  Revolutions 


Lee  us  now  examine  the  regularity  of  the  change  in  total 
temperature  of  gas  in  characteristic  sections  of  the  gas-air  channel 
of  the  TRD  with  throttling  of  the  engine. 

The  stagnation  temperature  of  the  gas  at  the  entrance  into  the 
compressor  maintains  at  all  numbers  of  revolutions  the  invariable 
v’il  .e  equal  to  the  external  air  temperature: 

7" *  =* 7** = 7*0  (when//=0  and  Ma=0). 

The  air  temperature  behind  the  compressor  with  an  increase  in 
the  number  of  revolutions  continuously  increases  and  approximately 
according  to  the  quadratic  dependence.  The  latter  follows  from  the 
equation  of  energy  of  flow  written  for  the  compressor: 

rj-TW — ~j-=r0+C«*  where  Css  const.  (11.5) 


The  most  important  and  complex  dependence  is  the  change  in  gas 

» 

temperature  in  front  of  the  turbine  T ^  according  to  the  number  of 
revolutions.  The  magnitude  of  this  temperature  in  the  most  heated 
section  of  gas  flow  is  governed,  on  the  one  hand,  by  the  effectiveness 
of  the  cycle  of  engine  and  its  "exhaust"  indices  and  on  the  other 
hand,  by  the  calorific  intensity  of  the  hot  part  of  the  engine. 

The  regularity  of  the  change  in  gas  temperature  in  front  of 
the  turbine  according  to  the  number  of  revolutions  is  determined  by 
the  equation  of  balance  of  works  of  the  turbo compress or 


or 


1187>X= 
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whence 


n- 


Ctfl 


ii83.;n; 


(11.6) 


where 


•o.« 


In  the  range  of  working  numbers  of  revolutions  the  value  C  changes 
by  5-10*. 


In  the  supercritical  region  of  outflow  of  gases  from  the  jet 

* 

nozzle  (>.5^1),  when  n>nKp,  drop  in  pressures  in  the  turbine  ttt  maintains 
an  invariable  value.  Consequently,  in  this  region  of  throttling  of 
the  engine,  with  a  decrease  in  the  number  of  revolutions  the  gas 
temperature  in  front  of  the  turbine  is  lowered  and  is  approximately 
proportional  to  the  square  of  the  number  of  revolutions  (Pig.  11.4). 


Pig.  11.4.  Change  in  gas  temperature 
in  front  of  the  turbine  according  to 
the  number  of  revolutions  of  the  TRD. 


With  a  further  decrease  in  the  number  of  revolutions  l' ><nl!p )  the 

ft 

efficiency  of  the  turbine,  determined  by  its  expansion  ratio  rr  t  , 

begins  to  decrease.  This  circumstance  delays  the  drop  in  gas 

« 

temperature  Ty  which  with  a  further  decrease  in  the  revolutions 
ceases  (see  Fig.  11.4). 

In  regimes  of  deep  throttling  of  the  engine  there  approaches  an 
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InU'ii.jj. v.‘  drop  in  efficiency  of  the  compressor  and  the  turbines1; 

‘lie  ^xp  inslon  ratio  of  the  gas  in  the  turbine  in  this  case  la  so 
ins Jgnif leant  that  realization  of  the  balanced  process  of  work  of  the 
engine  O.e.,  n  *  const)  appears  possible  only  with  increased  values 
■  kuo  temperature  in  front  of  the  turbine;  and,  since  with  n 
increase  in  the  revolution  number  of  the  engine  the  drop  in  nj,  n*  and  i; 
is  intensified,  the  increase  in  also  increases. 

« 

Thus,  the  change  in  T ^  according  to  the  number  of  revolutions 
lr  depi-  t-jd  as  a  concave  curve  with  three  characteristic  sections 
•  !-v  Pig.  11.4).  With  a  decrease  in  the  number  of  revolutions  of  the 
TKD  the  gas  temperature  in  front  of  the  turbine  initially  is  sharply 

decreased  (section  1-2),  then  over  a  wide  range  of  numbers  of 

« 

revolutions  the  drop  in  temperature  T ^  is  slowed  down  and  practically 
I-- (section  2-3),  and,  finally,  in  the  region  of  numbers  of 
revolutions  close  to  "idling”  there  is  an  intensive  increase  in  gas 
temperature  in  front  of  the  turbine  (section  3-4).  This  increase  in 
temperatures  is  very  considerable  and  sharp.  The  illiterate 
operation  of  the  engine  in  the  regime  of  "idling"  can  lead  to  an 
inadmissible  overheating  and  even  damage  of  the  TRD.  Therefore,  it 

is  necessary  to  have  means  and  devices  for  preventing  an  undesirable 

* 

increase;  Jn  T ^  in  the  zone  o**  maximum  and  minimum  revolutions  of  the 
engine . 


Figure  11.5  shows  the  change  in  T ^  according  to  the  number  of 
revolutions  of  the  engine.  The  stagnation  temperature  of  gas  in  the 
whole  turbine  channel  (between  sections  4-4  and  5-5)  maintains  a 
constant  value,  i.e., 

n-n 

The  regularity  of  the  change  in  this  temperature  according  to 
the  number  of  revolutions  is  similar  to  curve  TJ-/(n).  Actually, 
from  the  equation  of  the  energy  of  flow  written  for  the  turbine,  it 
follows  that 


‘Appearance  of  regimes  of  separation  and  "choking”  on  blades  of 
outer  steps  in  the  compressor,  and  deformation  of  velocity  triangles 
In  revolutions  of  the  TRD. 
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Fig,  11.5.  Curves  of  the  change  in 
total  gas  temperature  in  characteristic 
sections  of  the  TRD. 


nnr  '•urn 

Consequently,  in  the  region  of  maximum  and  minimum  engine 

* 

revolution  in  accordance  with  a  change  in  T ,,  there  is  an  increase 
*  -j 

in  temperature  Th.  However,  with  a  reduction  in  the  number  of 
11  #  £ 
revolutions  the  temperature  range  between  curves  and  T is 

0  4  « 

decreased  gradually.  In  the  zone  of  revolutions  of  idling  curves  T, 

#  *  j 

and  2^  practically  coincide.  Thus,  the  temperature  T ^  is  a  "satellite" 

of  temperature  T^. 

# 

According  to  the  deviation  of  temperature  T ^  from  the  "norm" 
it  is  possible  to  judge  quite  validly  the  level  of  the  gas  tenperature 
in  front  of  the  turbine  and  the  calorific  intensity  of  the  engine  as 
a  whole. 

Figure  11.5  gives  a  typical  curve  of  the  change  in  total  gas 
temperature  in  the  characteristic  sections  of  the  gas-air  channel  of 
the  TRD. 

11.2.5.  Change  in  Air  Outflow  on  the  Number 
of  Revolutions 

From  the  theory  of  turbomachines  it  is  known  that  the  rate  of 
air  flow  through  a  compressor  increases  approximately  in  proportion 
to  its  number  of  revolutions.  However,  in  the  region  of  maximum 
revolutions  this  dependence,  as  the  experiment  shows,  deviates  from 


the  linear  Ga->Cn,  —  increase  in  flow  of  air  is  delayed  (Pig.  11.6). 
Such  regularity  is  connected  with  the  phenomenon  of  "choking"  at  an 
entrance  into  the  compressor.  With  the  approach  of  the  axial  velocity 
of  inflow  cl  to  the  speed  of  sound  (Am  — 1,0)  the  relative  current 
density  q(\i)  approaches  its  limiting  value  and,  consequently,  the 
increase  in  flow  of  air  ceases,  i.e., 

G,=m 

rTo 


Pig.  11.6.  Change  in  air  flow  on 
the  number  of  revolutions  of  the 
compressor. 


Therefore,  the  nearer  the  number  is  to  1  in  design  conditions 
(which  is  conditioned  by  a  tendency  to  decrease  the  dimensional 
diameter  of  the  engine),  the  greater  the  dependences  G  «  f(n)  deviate 
from  the  linear. 


11.2.6.  Change  in  Specific  Thrust  of  the  TRD 
According  to  the  Number  of  Revolutions 


With  an  increase  in  the  number  of  revolutions  the  velocity  of 
outflow  of  gases  from  the  Jet  nozzle  increases  and  is  equal  to 

*»■*?  7«V«  • 

where 


An  increase  in  o ^  is  conditioned  by  an  increase  in  the  drop  in 
I  ressure  in  the  reactive  nozzle  and  in  the  region  of  maximum  revolutions 
by  an  additional  factor  -  by  an  Increase  in  stagnation  of  gas  tempera¬ 
ture  at  entrance  in  reactive  nozzle. 
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Thus,  with  an  increase  in  the  number  of  revolutions  and  the 
specific  thrust  of  the  TRD  continuously  increases  (Fig.  11.7)  and  is 
equal  to 


er,|*>T  d  m 


Fig.  11.7.  Change  in  specific  thrust, 
air  flow  and  fuel  consumption  of  the 
TRD  on  the  number  of  revolutions. 


The  underexpansion  of  the  gas,  which  occurs  at  supercritical 
drops  in  pressures  in  the  usual  (convergent)  nozzle  of  the  TRD, 

lowers  the  specific  thrust  of  the  engine.  However,  calculations 

tf  N 

show  that  at  any  assimilated  values  of  T,  and  rr  the  difference  between 

•3 

with  complete  and  incomplete  expansion  of  the  gas  in  a  maximum 
regime  on  the  test  stand  (7*0)  does  not  exceed  2-3/5. 

The  increase  in  specific  thrust  of  the  TRD  with  the  increase 
in  revolution  number  can  be  given  a  different  explanation  connected 

with  a  change  in  work  of  the  cycle  of  the  TRD.  It  is  known  that 

« 

when  T ^  *  const  with  an  increase  in  the  compression  ratio  magnitude 

L  increases.  The  Increase  in  L  is  intensified  at  maximum  revolutions 
e  e 

when  these  approaches  the  intesive  increase  in  gas  temperature  in  front 
of  the  turbine. 


11.2.7.  Change  in  Total  Thrust  of  the  Turbojet  Engine 
on  the  'Number  of  Revolutions  . 


The  change  in  total  thrust  of  the  TRD  on  the  number  of  revolutions 
(Fig.  11.8)  is  determined  completely  by  regularities  of  the  change  in 


I 


Fig.  11.8.  Change  In  total  thrust 
and  specific  fuel  consumption  of 
the  TRD  on  the  number  of  revolutions. 


i  :Liic  thrust  and  air  flow  per  second  (see  Fig.  11.7). 

Let.  ur-  examine  the  TRD  with  an  average  compression  ratio  of  the 
compressor  and  moderate  value  of  axial  velocity  at  the  entrance  into 
(■'.  mtirossor  in  a  maximum  regime  (1|„=0,6).  For  these  conditions  we 
cm  assume  quite  accurately  that  the  flow  of  air  is  proportional  to 
the  number  of  revolutions  in  the  first  degree,  and  the  specific 
thrust  is  approximately  proportional  to  the  square  of  the  number  of 
revolutions,  i.e., 

G,  =  C|rt; 

The.,  as  a  first  approximation  we  find 


(11.8) 

Analysis  of  numerous  experimental  data  shows  that  the  cubic  dependence 
of  thrust  on  the  number  of  revolutions  is  valid  for  the  majority  of 
TRD  with  a  program  of  adjustment  ■  const  in  the  region  of  numbers 
of  revolutions  less  than  nominal.  In  the  region  of  nominal  and 
maximum  numbers  of  revolutions,  considering  peculiarities  of  the 
passage  of  curves  G**»/i(n)  and  Ry3=*fi(n),  the  increase  in  thrust  of  the 
TRD  is  slowed  down.  In  this  region  the  exponent  at  n  is  lowered  (at 
Xi„  —  I )  from  3-4  to  1. 

Thus,  the  dependence  of  thrust  on  the  number  of  revolutions  is 
described  by  the  power  dependence 
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R~An*, 


(11.9) 


In  which  index  x  has  a  variable  value  x  =  i-4. 

11.2.8.  Change  in  Total  Coefficient  of  Air  Surplus 
According  to  the  Number  of  Revolutions 

Let  us  examine  initially  how  the  relative  fuel  consumption  changes 

in  _  g, 

'  ~  ~  c, . 

according  to  the  number  of  revolutions  of  the  TRD 

Prom  equality  LT  =  LH  and  on  assumption  that  cpT  =  cP B  =  cp,  there 
follows  the  approximate  relation 


r\-Ta^T\-T\% 


or 


n-n-7-;-r0. 


Thus,  parameter  m changes  in  proportion  to  the  stagnation 
temperature  of  the  gas  behind  the  turbine  (see  Pig.  11.7). 

The  total  coefficient  of  air  surplus 

a=-J_ 

m,/o 

changes  inversely  proportion  to  magnitude  m  ;  Fig.  11.7  gives  curves 
«=~/(n).  With  a  decrease  in  the  number  of  revolutions  initially 
there  is  a  depletion  in  the  mixture  (down  to  a  -  4. 5-5.0);  with 
further  throttling  of  the  engine  the  fuel-air  mixture  is  already 
enriched. 


11.2.9*  Change  in  Specific  Fuel  Consumption 
According  to  the  Number  of  Revolutions 

The  change  in  specific  fuel  consumption  according  to  the  number 
of  revolutions  is  determined  by  peculiarities  of  the  change  in 
parameters  of  the  working  process  of  the  engine:  '  jiJ,  Tj,  and  also  nj. 
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With  a  decrease  in  the  number  of  revolutions  of  the  engine  from 
maximum  to  minimum,  the  compression  ratio  of  the  compressor  is  lowered 
many  times,  from  down  to  a  magnitude  differing  little  from 

unity.  This  regularity  at  considerable  less  oscillations  in  gas 
temperature  in  front  of  the  turbine  (ratio  -  0.65-0.80) 

conditions  the  basic  tendency  -  an  increase  in  specific  fuel  consump¬ 
tion  with  throttling  of  the  engine.  However,  in  the  region  of 
maximum  revolutions,  in  which  the  absolute  values  are  still  high, 
an  intensive  lowering  of  the  gas  temperature  in  front  of  the  turbine, 
propo’*t «  nai  to  the  square  of  the  number  of  revolutions,  and  also  a 
certain  Increase  in  efficiency  of  the  compressor  along  the  line  of 
operating  regimes  lead  to  the  fact  that  the  specific  fuel  consumption 
of  the  TRD  is  somewhat  initially  lowered  (by  3-8?). 

Thus ,  the  regularity 

has  the  form  of  a  concave  curve  with  a  clearly  designated  minimum, 
which  determines  the  so-called  ’’cruising"  or  "economic"  regime  of 
operating  the  TRD  (see  Pig.  11.8). 

The  obtained  regularity  can  be  also  explained  by  the  Joint 
effect  of  two  factors:  specific  thrust  and  relative  fuel  consumption, 

since 

3600-^. 

1  #yi 


Actually,  with  throttling  the  specific  thrust  of  the  TRD  drops 
continuously.  The  relative  fuel  consumption  follows  regularity 

7>/(«). 

Thus,  the  initial  depletion  of  the  mixture  predetermines  the 
appearance  of  the  minimum  on  curve  C  ;  the  subsequent  enrichment  of 
the  mixture  (increase  in  m y)  lntensififes  the  growth  in  C ^  in  the 
region  of  reduced  regimes  of  the  TRD  (see  Pig.  11.7) • 

Figure  11.9  gives  throttle  characteristics  of  the  TRD  Bristol- 
Siddley  "Viper"  11  and  "Viper"  :.’0. 
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l-’ig.  11.9-  Throttle  characteristics  of  the  TKD 
Bristol-Slddley  "Viper"  11  and  "Viper"  ?0. 


1  i .  j .  Throttle  Characteristics  of  the  Turbojet  Engine 

with  Special  Adjustment- 

1 i . 3 • 1 ■  Throttle  Characteristic  of  the  Turbojet 

Engine  at  Constant  Revolutions 

When  the  turbojet  engine  is  equipped  with  an  adjustable  Jet 
nozzle,  the  starting  of  the  engine  and  putting  it  at  maximum 
revolutions  are  produced  with  maximum  opening  of  the  critical  (exhaust) 
section  of  the  nozzle.  This  considerably  lowers  the  time  of  splnup 
of  the  engine  and  improves  its  pickup.  After  exit  TRL)  on  maximum 
revolutions  an  increase  in  thrust  of  the  engine  is  carried  out  by 
covering  the  Jet  nozzle  when  n  *  const;  in  this  case  the  compression 
ratio  of  the  compressor  arid  gas  temperature  in  front  of  the  turbine 
Increases.  On  characteristic  of  compressor  (Fig.  11. 10a)  has  been 

depicted  the  line  of  operating  conditions  is  1-2-3  for  the  Indicated 

« 

case.  The  simultaneous  increase  in  values  jiJ  and  T ^  sharply  increases 
the  specific  thrust  of  the  TRD.  As  regards  rate  of  air  flow,  Its 
change  when  n  =  const  is  determined  by  the  peculiarity  of  the  passage 
of  the  pressure  characteristic  of  the  compressor.  Usually  the  flow 
of  air  with  covering  of  the  nozzle  is  either  somewhat  lowered 
(Inclined  characteristic)  or  even  remains  constant  (case  of  the 
vertical  characteristic).  Thus,  thrust  of  the  engine  with  covering 
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Pig.  11.10.  Throttle  characteristics 
of  the  TRD  at  n  =  const  (b)  and  line 
of  operating  regimes  of  the  compressor 
(a). 


of  the  Jet  nozzle  of  the  TRD  continuously  increases.  Specific  fuel 

consumption  in  this  case  is  initially  lowered,  and  in  the  region  of 

« 

M>'/n  values  T.  it  again  increases. 

o 

Figure  11.10b  shows  throttle  characteristic  of  the  TRD  when 
n  «  const. 


11.3.2.  Throttle  Characteristic  of  the  Turbojet  Engines 
Equipped  with  an  Air  Bypass  System 

Let  us  assume  that  a  turbojet  engine  is  equipped  with  an  air 
bypass  system  (from  the  intermediate  3tage  of  the  compressor), 
which  provides  steady  operation  of  the  compressor  in  all  the  whole 
range  of  operating  numbers  of  revolutions. 


Let  us  designate  the  number  of  revolutions  n-n„,  at  which  with 
throttling  of  the  TRD  the  bypass  system  operates,  and,  consequently, 
part  jf  the  compressed  air  in  the  compressor  is  carried  off  through 
bypass  valves  (ports)  to  the  outside.  Thus,  when  n<n„  we  have 


Or. 

O. 


-Ki.o. 


Figure  11.11b  gives  a  throttle  characteristic  of  the  TRD 
equipped  with  an  air  bypass  system.  With  throttling  of  the  engine 

in  the  region  of  revolutions  «o<n<nmil  (when  the  bypass  valves  are 

» 

closed)  curves  —/(«)  -nd  T ^  *  f(n)  are  in  no  way  distinguished 
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Pig.  11.11.  Throttle  characteristic  of  the 
TRD  equipped  with  an  air  bypass  system. 

from  the  earlier  examined  dependences  (see  Pig.  11,9).  When  n~na 
there  is  expulsion  of  part  of  the  air  into  the  external  medium; 
disruption  of  the  material  balance  (Gr<G,  and  f}<!,0)  leads,  respectivel 
to  a  disruption  of  the  energy  balance  (A'T</VK);  for  maintaining  the 
balanced  process  of  operation  of  the  turbocompressor  (n  =  const)  the 
regulator  of  revolutions  increases  the  fuel  feed  in  the  combustion 
chamber,  and  the  gas  temperature  in  front  of  the  turbine  increases 
in  the  necessary  degree. 

Since  with  the  opening  of  bypass  valves  the  counterpressure  at 
the  exit  from  first  steps  of  the  compressor  is  lowered,  then  the  air 
flow  at  the  entrance  into  the  compressor  usually  Increases  somewhat. 

ft 

Ultimately  the  compression  ratio  n  drops  (see  Fig.  ,11.11a).  Corre- 

H 

spondingly  the  pressure  along  the  whole  gas-air  channel  is  lowered. 

As  a  result  the  velocity  of  gas  consumption,  specific  thrust,  and 
gas  flow  through  the  Jet  nozzle  are  decreased.  Consequently,  the 
total  thrust  of  the  engine  drops ;  the  specific  fuel  consumption 
increases.  The  latter  is  explained  by  the  fact  that  the  interval 
of  preheating  of  the  gas  in  the  combustion  chamber  (TJ— rj),  whereas 
the  specific  thrust  is  lowered  essentially. 

Physically  the  growth  in  C  is  explained  by  the  drop  in 

j  / 

effective  efficiency  of  the  cycle  due  to  the  poorer  use  of  heat  at 
reduced  pressure  of  the  working  medium,  and  likewise  uneconomical 
flow  of  compressed  air. 
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Figure  11.12  gives  the  throttle  characteristic  of  the  TRD  Rolls- 


Royce  "Avon”  with  two  bypass  valves. 


Fig.  11.12.  Throttle  character¬ 
istic  of  the  TRD  Rolls-Royce 
"Avon”  with  two  bypass  valves. 


mo  mo  5000  mo  mo  won  r/min 


11.3.3  Throttle  Characteristic  of  the  Turbojet 
Engine  Equipped  with  a  Rotrary  Guide  Vane 
of  the  Compressor 


Figure  11.13  shows  by  continuous  lines  the  throttle  characteristic 
of  the  TRD  with  invariable  neutral  position  of  the  rotary  guide  vane 


Fig.  11.13.  Throttle  character¬ 
istic  of  the  TRD  equipped  with  a 
rotary  guide  cane  of  the 
compressor. 


Let  us  assume  that  with  choking  of  the  engine  at  a  certain 
revolution  number  n<f»ma*  (when  the  margin  of  stability  of  compressor 
is  small)  blades  of  the  rotary  guide  vane  turn  at  angle  A<f>  in  the 


direction  of  rotation  of  the  rotor  of  the  compressor,  and  further 

throttling  is  produced  at  a  new  and  fixed  position  of  the  blade 
(for  example,  fPn.a~108). 


Turning  of  the  guide  vane  in  the  direction  of  rotation  of  the 
rotor  when  n  =  const  decreases  angles  of  incidence  of  flow  on  rotor 


blades  and,  consequently,  increases  the  reserve  of  the  compressor 
with  respect  to  surging.  In  this  case  the  work  and  compression 
ratio  of  the  compressor  drop.  Consequently  (assuming  in  the  region 


of  high  revolutions  that  n*  =const),  gas  temperatures  in  front  of  the 

#  * 

turbine  2'  and  behind  the  turbine  2^.  As  a  result  of  the  turning 
of  the  blades  of  the  air  flow,  specific  thrust  and  total  draught  drop 


the  guide  vane;  the  specific  fuel  consumption  is  also  lowered. 

With  great  throttling  of  the  TRD,  as  a  result  of  the  sharp  lowering 
of  n*  and  n'r  the  relative  increase  in  C  and  T ^  is  possible  (as 
compared  to  the  case  when  the  guide  vane  is  not  adjustable). 


.'.v-^ion  of  characteristic  of  the  TRD  with  turned  blades  of  the 
guide  vane  (at  angle  —  J0°)  is  depicted  in  Fig.  11.13  in  the  form 
of  dot-dashed  lines. 


11.3.4.  Peculiarity  of  Throttle  Characteristics 
of  a  Double-Shaft  TRD 


In  comparison  with  characteristics  of  the  single-shaft  TRD, 
throttle  characteristics  of  a  double-shaft  TRD  possess  the  following 
peculiarities.  The  most  important  of  them  is  the  al-ip  of  the  rotors; 
it  is  expressed  in  the  fact  that  any  change  in  the  regime  of 
operation  of  the  TRD,  conditioned  by  the  effect  of  regulating 
factors  (by  the  increase  or  decrease  in  fuel  feed,  adjustment  of  the 
critical  section  of  the  jet  nozzle,  etc.),  leads  to  a  change  in  the 
correlation  between  numbers  of  revolutions  of  rotors  of  high  and  low 
pressure  ,  i . e . , 

J!!!*L  =  var. 

Let  us  show  this  in  an  example.  Let  us  assume  initially,  for 
example,  on  the  maximum  regime,  drop  in  pressures  in  the  exhaust 
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nc/’le  has  the  supercritical  value,  i.e., 


» 


1,85  h  ?(Xf)«l. 


In  this  case  [see  equation  (7*1*0]  with  the  fixed  jet  nozzle 
the  pressure  differentials  in  VD  and  ND  turbines  remain  constant,  i.e., 

I 

const  and  nJHjl= const. 

The  ratio  of  works  of  the  ND  and  VD  turbines  equals 


r! 


•  • 

aa'itu’liH.a 


_ 

L' M  TViBaHtBa 


(11.10) 


•  • 

‘tBa’IrBJl 


where¬ 


in  this  case  also  remains  constant. 


With  choking  of  the  engine  (by  means  of  a  decrease  in  fuel  feed), 
in  all  the  balanced  regimes  the  ratio  of  works  of  ND  and  VD 
compressors  equals 


L*  nil  _  hj 


(11.11) 


and  when  7(?.s)=*l  it  remains  constant. 

Since  with  the  decrease  in  the  number  of  revolutions  of  the  TRD 
angles  of  incidence  of  the  flow  on  blades  of  the  ND  cascade  increase 
(the  ND  compressor  is  "loaded"  and  work  of  compressor  relatively 
increases),  and  angles  of  incidence  of  flow  on  blades  of  the  VD 
cascade  are  decreased  (i.e.,  the  VD  compressor  is  "lightened"  and 
work  of  compressor  Is  relatively  lowered),  then  for  observance  of 
condition  (11.11)  the  numbe.r  of  revolutions  of  the  ND  compressor 


1  T* 


r; 


il. 

118 


“^jO  —  •rBa’IrBa)' 
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must  additionally  be  lowered1,  and  the  number  of  revolutions  of  the 
VD  compressor  will  respectively  increase. 


Consequently,  the  ratio  is  decreased,  i.e.,  slip  of  the 

rotors  will  begin  (Fig.  11.14).  Slip  of  the  rotors  is  increased 
in  regimes  of  great  throttling  when  the  drop  in  pressures  in  the 
jet  nozzle  becomes  subcritlcal.  In  this  case  the  decrease  in  the 
total  expansion  ratio  is  perceived,  first  of  all,  by  the  ND  turbine 
(  .i*,u  drops  -  ND  turbine  is  "lightened")  and  the  ratio  of  works  of 
the  turbines  drops. 

'itBfl/ 

With  an  increase  in  fuel  feed  the  ratio  nHd//iRiI  increases. 


Another  peculiarity  of  throttle  characteristics  of  a  double-shaft 
TPn  in  the  higher  level  of  efficiency  of  the  compressor  in  comparison 
with  the  compressor  of  a  single-shaft  TRD  equipped  with  the  system 
of  air  bypass  (Fig.  11.15).  This  circumstance  leads  to  the  lowering 
of  the  level  of  gas  temperature  in  front  of  the  turbine  in  the  whole 
range  oi  operating  revolutions  even  to  a  corresponding  decrease  in 
specific  fuel  consumption. 


Fig.  11.15. 


Fig.  11.14  Slip  of  rotors  of  double-shaft  TRD. 

Fig.  11.15.  Comparison  of  and  C  for 

single-shaft  and  double-shaft  TRD. 


‘In  comparison  with  balanced  revolutions  of  the  TRD  for  which  VD 
and  ND  cascades  are  rigidly  connected  with  each  other. 
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Finally,  the  third  peculiarity  of  throttle  characteristics  of 
the  TRD  is  the  regularity  of  the  effect  of  adjustment  of  the  Jet 
nozzle  on  the  margin  of  stability  of  VD  and  ND  compressors. 

Earlier  (see  Section  10.3)  we  showed  that  a  decrease  in  the 
throat  area  of  the  exhaust  nozzle  of  the  single-shaft  TRD  when 
n  =  const  decreases  the  margin  of  stability  of  the  compressor  and 
Increases  Ty 

In  the  cf.ry  of  a  double-shaft  TRD  the  covering  of  the  Jet  nozzle 
:  •;  i  he  drop  in  pressures  on  turbine  ND  and  practically  does  not 
affect  the  drop  in  pressures  on  the  VD  turbine.  When  n0A  «con<t 
•t  result  of  a  decrease  in  the  work  of  the  ND  turbine  the  number  of 
revolutions  of  the  cascade  of  low  pressure  falls.  The  flow  of  air 
through  the  compressor  is  also  decreased  but  considerably  more  slowly 
than  the  number  of  ND  revolutions  (since  -const).  As  a  result  the 
ratio  (C|4/u)Ha,  increases,  i.e.,  angles  of  incidence  of  flow  on 
blades  of  the  ND  compressor,  and  the  margin  of  stability  of  the  ND 
compressor  increases.  Consequently,  the  covering  of  the  Jet  nozzle 
moves  the  line  of  operating  conditions  on  the  characteristic  of  the 
NL  compressor  into  the  region  of  raised  values  ?(X|)  and  reduces 
values  a*. 

As  regards  the  VD  compressor,  ratio  [ctJu)ti  is  decreased,  and 
angles  of  incidence  of  flow  on  blades  of  the  compressor  VD  Increase. 
As  a  result  the  stability  margin  of  the  VD  compressor  is  somewhat 
decreased.  The  covering  of  the  exhaust  nozzle  insignificantly  moves 
the  LRR  into  the  region  of  raised  values  of  n\  (Pig.  11.16). 

Pig.  11.16.  Effect  of  on 

LRR  of  VD  and  ND  compressors 
of  a  double-shaft  TRD. 
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With  the  program  of  adjustment  nnj  -  const  cover  of  the  critical 
section  of  the  exhaust  nozzle  causes  an  increase  i i :  r,  and  :il,o 
leads  to  an  increase  in  margin  of  stability  of  the  1m'l  ;o:..pr  .-.;sor. 

Actually,  an  increase  in  the  number  of  VD  revolutions,  conditioned 

* 

with  a  growth  in  ,  leads  to  an  increase  in  the  total  flow  of  air 
through  the  compressor.  Consequently,  ratio  (<Wu)na  increases,  and 
angles  of  incidence  of  flow  on  blades  of  the  ND  compressor  are 
decreased,  and  the  margin  of  stability  increase.  Ratio  (c,a/.v) n.n  Is 
decreased,  as  a  result  of  which  the  stability  margin  of  the  VD 
compressor  is  decreased.  Thus,  in  contrast  to  the  single-shaft.  TRD , 
the  covering  of  the  jet  nozzle  of  the  double-shaft  TRD  always 
increases  the  stability  margin  in  the  ND  compressor. 

11.4.  Region  of  Possible  Regimes  of  Operation 
of  the  Turbojet  Engine 

Above  we  showed  that  with  adjustment  of  the  exhaust  section  of 
th<-  j  l  u’;^ie  the  line  of  operating  regimes  of  the  TRD,  applied 
to  the  characteristic  of  the  compressor,  is  displaced  and  thus 
describes  a  certain  region  of  possible  regimes  of  operation. 

However,  operation  of  the  TRD  appears  physically  possible  and 
permissible  ~.ot  in  the  whole  field  of  characteristic  of  the  compressor. 
In  certain  regimes  of  operation  of  the  engine  in  its  separate  elements 
(compressor,  combustion  chamber,  turbine)  appear  physical  disturbances 
and  changes,  which  limit  and  narrow  the  real  region  of  possible 
regimes  of  the  operation.  Several  process  of  operation  of  the  TRD 
can  be  physically  realized. 

The  noted  limitations  are  connected  with  the  appearance  of: 

1)  unstable  operation  in  elements  of  the  engine; 

2)  gas-dynamic  "choking"  of  separate  sections  of  the  gas-air 
channel ; 

3)  danger  of  disruption  of  strength  and  reliability  of  operation 
of  the  engine  and  its  separate  subassemblies  (for  example,  with  an 
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Increase  in  revolution  number  of  the  engine  and  of  gas  temperature 
in  front  of  the  turbine  above  permissible  limits). 

Figure  11.17  gives  a  model  characteristic  of  a  compressor  with 
lines  of  limitation  of  regimes  of  the  turbojet  engine  applied  on  it. 


Fig.  11.17.  Field  of  operating  conditions 
of  the  compressor  of  the  TRD 

These  refer  to: 

The  limit  of  steady  operation  of  the  compressor  (surging  limit); 
it  is  locus  of  regimes  of  the  appearance  of  surging  of  the  compressor 
at  various  numbers  of  revolutions. 

The  limit  of  steady  operation  of  the  engine  at  revolutione  of 
idling  (n=/t»,.r).  With  lift  to  an  altitude  revolutions  of  idling 

increases . 


The  limit  of  gas-dynamic  choking  at  the  entrance  into  the  com¬ 
pressor  with  respect  to  the  axial  velocity .  Theoretically  choking 
approaches  when  9(iia)-l  (or  Mu-1);  in  practice  (with  an  allowance 
for  narrowings  at  the  entrance. channel  due  to  struts)  -  when 
?(>.!«)  -0.80-0.85.  The  physical  meaning  of  this  choking  is  that  with  an 
increase  in  the  number  of  revolutions  the  flow  of  air  through  the 
compressor  does  not  increase. 
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The  limit  of  gas-dynamic  choking  at  the  exit  from  the  compressor 
with  respect  to  the  axial  velocity.  Theoretically  choking  anp roaoher 
when  <7 (^-2a)  =  1  (or  The  physical  meaning  of  :no*iing  is  tiiat 

with  a  decrease  in  counterpressure  at  the  exit  from  the  compressor 
the  compression  ratio  and  work  of  compressor  remain  constant,. 

The  limit  of  choking  at  the  exit  from  the  turbine  with  respect 
to  the  axial  velocity .  Theoretically  the  choking  approaches  when 
<l{Ua)  “1  (or  ,'!<□  =  1);  in  practice  (with  an  allowance  for  narrowings  in 
the  turbine  channel)  -  when  Q(hta)  =  0,70— 0,75.  The  physical  meaning 
of  this  form  of  choking  is  that  with  an  increase  in  the  critical 
(exhaust)  section  of  the  jet  nozzle  the  drop  in  pressures  and  wurk 
of  the  turbine  no  longer  increase.  The  turbine  becomes  "blunt"  anu 
not  adjustable. 

The  limit  of  maximum  permissible  (from  conditions  of  strength) 
gas  temperature  in  front  of  the  turbine. 

The  limit  of  maximum  permissible  (from  conditions  of  strength) 
of  revolutions . 

11.5.  Unstable  Operation  of  the  Compressor  (Surging) 

11.5.1.  Physical  Essence  of  Surging 

Unstable  operation  of  the  compressor  appears  in  the  form  of 
periodic  and  sharp  pulsations  of  air  flow  -  oscillations  in  pressure, 
velocity  and  of  flow.  Mean  pressures  generated  by  the  compressor 
usually  drop,  and  the  inlet  temperature  of  compressor  considerably 
increases.  At  times  it  is  as  though  the  compressor  were  "flooded," 
ejecting  masses  of  air  in  the  opposite  direction,  into  the  entrance. 
Surging  is  accompanied  by  strong  knocks  and  shocks. 

Experimentally  it  is  established  that  surging  is  connected  with 
periodic  separations  of  flow  appearing  mainly  on  convex  surfaces 
(backs)  of  profiles  of  blades  with  flow  about  the  compressor  lattices. 
At  a  constant  number  of  revolutions  of  the  compressor  (and, 
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consequently,  at  a  constant  circumferential  velocity  of  the  blades) 
a  decrease  in  the  flow  leads  to  a  decrease  in  the  axial  component  of 
velocity  of  flow  at  the  entrance  into  the  given  lattice.  Consequent];,, 
the  relative  velocity  with  flow  about  the  profile  in  the  lattice 
changes  its  direction,  and  the  angle  of  incidence  of  flow  i,  having 
Increased,  becomes  more  than  the  critical,  in  consequence  of  which 
. separation  of  the  flow  from  the  back  of  the  blade  appears. 

Figure  11.18  shows  a  diagram  of  separated  flow  about  the  airfoil 
lattice  of  the  rotor  wheel  of  the  axial  compressor.  Vortices  appearin': 

i ,h  separation  of  flow  is  unstable  (see  Fig.  11.18a)  [sic]  and  have 
...  tendency  toward  automatic  increase.  The  fomring  vortical  shroud, 
extending  ir.  an  interblade  channel  under  action  of  centrifugal 
forces  of  inertia,  decreases  the  effective  section  of  the  flow,  as 
a  result  of  which  the  flow  of  air  is  even  more  decreased.  There 
c< mes  the  moment  when  the  vortices  completely  fill  the  interblade 
channels,  and  the  air  supply  by  the  compressor  in  this  case  ceases 
(the  air  flow  is  equal  to  zero).  In  a  subsequent  instant  there  is 
washing  of  the  vortex  sheet;  in  this  case  ejection  of  the  air  at  the 
entrance  into  the  compressor  is  possible.  Repeated  and  frequent 
compression  of  the  same  portion  of  air  in  the  compressor  with 
~urrri ng  ieaas  to  an  increase  in  air  temperature  at  the  entrance  into 
the  compressor  (repeated  feed  of  energy  to  the  same  air  mass). 


Fig.  11.18.  Diagram  of  choking  of  flow  about 
an  airfoil  cascade  of  a  rotor  wheel  of  an  axial- 
flow  compressor:  a)  surging;  b)  regime  of 
"choking.” 
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With  an  increase  in  the  air  flow  (negative  angles  of  attack  of 
the  profile)  the  separation  of  flow  occurs  on  the  concave  side  of  the 
b  1  ade .  The  vertices  generating  here  are  pressed  ah-.  n  !':.v;  t 
the  profile  and  have  a  steady  character  (see  Fig.  il.icb). 

The  given  explanation  of  the  physical  essence  of  the  phenomena 
leading  to  surging  is  found  in  accordance  with  the  form  of  the 
characteristic;  its  left  branch  corresponds  to  surging  ana  the  right 
branch  -  steady  regimes. 

11. Relative  Postion  of  the  Limit  of  Larging  and 
Line  of  Operating  Regimes  of  the  Compressor. 

The  Concept  About  Margin  of  Stability  with 
Respect  to  Surging 

The  combination  of  points  of  the  beginning  of  surging  at 
different  numbers  of  revolutions  forms  the  so-called  Unit  jf  i suvginj 
With  a  decrease  in  the  number  of  revolutions,  the  limit  of  surging 
*  ’  '  ’  •  pia  '  t .  *.L_  side  ~f  less  flows. 

The  combination  of  regime  of  points  in  compressors  of  the  TRD 
forms  the  operating  curve  of  the  compressor.  Its  form  and  passage 
on  the  cnaracteristlc  depend  on  conditions  of  the  Joint  operation 
of  the  compressor  and  turbine  and  also  on  the  program  of  control  of 
the  engine. 

To  provide  the  normal  operation  of  the  TRD  in  the  whole  range 
of  numbers  of  revolutions,  velocities  and  altitudes  of  flight ,  the 
operating  curve  of  the  compressor  ( a-c-b  in  Fig.  11.19a)  must  pass 
to  the  right  of  the  limit  of  the  surging  {a-e-b). 

The  calculated  regime  of  operation  of  the  compressor  is  selected 
from  the  condition  that  at  the  assigned  given  numbers  of  revolutions 
the  surging  reserve,  being  determined  by  the  coefficient  of  stability 


is  not  less  than  12-17*  (see  Fig.  11. 19b). 


In  lift  engines,  which  are  characterized  by  increased  non- 
uniformity  of  the  temperature  field  in  the  inlet  device  (due  to  the 
possible  entrance  of  hot  exhaust  gases),  the  surging  reserve 
Increases  up  to  20-25*. 

11.5.3.  Surging  in  a  High-Pressure  Axial-Flow  Compressor 

The  peculiarity  of  operation  of  a  multi-stage  high-pressure 
•ixial-flow  compresaor  is  a  "mismatch"  or  "divergence"  of  the 

operation  of  extreme  (i.e.,  fir^  and  last)  stages  in  uncalculated 
regimes . 


Let  us  assume  that  in  the  calculated  regime  of  operation  (for 
example,  at  a  nominal  revolution  number)  all  stages  of  the  compressor 
operation  stably  without  flow  separation,  with  calculated  va !  aes 
of  degrees  of  compression  and  efficiency.  If  the  compressor  does 
not  have  special  control  elements  (for  example,  throttle  valves  at 
the  inlet  and  exit),  then  any  change  in  the  regime  of  its  operation, 
being  determined  by  the  revolution  number,  leads  to  a  change  in 
angles  of  attack  of  the  blade  -  in  the  first  place,  extreme  stages 
ana,  to  a  less  extent,  middle  stages.  With  a  decrease  in  revolution 
number  angles  of  attack  in  the  first  stages  increase,  and  in  the 
latter  stages  the  decrease.  As  a  result,  in  first  stages  of  the 
compressor  there  appears  separation  of  flow  from  backs  of  the  blades 
and,  as  a  consequence  of  this,  surging;  in  the  last  stages  there 
appears  the  so-called  turbine  process,  which  is  characterized  by  a 
sharp  drop  in  compression  ratio,  and  also  regime  of  choking. 

The  mismatch  of  the  operation  of  extreme  stages  is  more,  the 
V.'t  the  nun!  :.-i  of  revolutions  and  the  more  the  value  of  compression 
ratio  of  the  compressor  in  the  initial  calculated  regime. 

With  an  Increase  in  the  number  of  revolutions  above  the  nominal 
the  mismatch  of  the  operation  of  extreme  stages  changes  -  now 
surging  in  the  last  stages  appears;  in  the  first  stages  with  the 
appearance  of  sonic  and  supersonic  relative  velocities  of  flow  the 
regime  of  choking  appears. 

Figure  11.19c  shows  diagrams  of  flow  past  blades  of  the  first 
(1),  middle  (4)  and  last  (7)  stages  of  the  axial-flow  compressor 
at  a  reduced  number  of  revolutions,  and  Fig.  11.19c  gives  the 
combined  characteristics  of  the  first,  middle  and  extreme  stages  of 
tiie  compressor  with  lines  of  operating  regimes  of  these  stages 
applied  on  the  figure. 

11. 5 .4.  Measures  to  Prevent  Surging  of  the  Compressor 

Measures  to  prevent  surging  of  the  compressor  can  be  subdivided 
into  operational  and  design. 


274 


operational  measures  are  directed  towards  not  allowing  surging 
and  with  its  appearance  -  rapidly  eliminate  it.  Preventing  the 
possibility  of  the  appearance  of  surging  is  achieved  by  providing 
the  correct  fuel  dosage  with  respect  to  the  number  of  revolutions 
both  with  starting  and  in  transitional  regimes  of  the  engine  (by  the 
' o  of  automatic  units  of  accelerating  capacity)  and  also  by  providin 
“he  required  spinup  of  the  rotor  of  the  engine  by  the  starting  starts 

With  the  arpearance  of  the  unstable  operation  of  the  engine  it 
‘r  r.ecfc  -sury  with  the  help  of  the  RUD  to  decrease  the  revolution 
•ter  of  the  rotor  of  the  engine  up  to  the  disappearance  of  surging, 
reduce  the  flight  altitude,  or  Increase  the  flight  speed.  Any  of 
these  measures  lowers  the  reduced  revolution  number  and  transfers 
the  regime  point  into  stable  region  of  the  characteristic. 

Design  measures  consist  in  the  fact  that: 

1)  at  the  assigned  line  of  regimes  of  the  Joint  operation  .of 
the  compressor  and  turbine  move  the  limit  of  surging  into  the  region 
of  less  flows.  This  is  achieved  by  the  use  of  rotary  blades  of  the 
stator  or  rotor  at  the  entrance  into  the  axial-flow  compressor  and 
at  the  exit  from  it,  by  special  selection  of  angles  of  setting  of 
the  blades  of  rotor  wheel  of  the  axial-flow  compressor,  etc.; 

2)  at  the  assigned  surge  limit  of  the  compressor  move  the  line 
of  regimes  of  the  Joint  operation  of  the  compressor  and  turbine  into 
the  region  of  great  flows.  This  is  achieved  by  the  use  of  the 
adjustable  Jet  nozzle  and  nozzle  box  assembly  of  the  turbine; 

3)  provide  consistent  and  surgless  operation  of  all  stages  of 
the  high-pressure  axial-flow  compressor.  For  this  purpose  air 
bypass  from  intermediate  stage  of  the  compressor  into  the  atmosphere, 
rotary  blades  of  the  stator,  and  also  double-shaft  axial-flow 
compressors  are  used. 

Figure  11.19e  schematically  gives  methods  of  eliminating  the 
appeared  surging  of  the  stage  of  the  axial-flow  compressor  with  the 
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help  of  an  adjustable  guide  vane  (i.e.,  by  introduction  of  preliminary 
twist  of  flow  at  the  entrance  into  the  rotor  wheel);  air  bypass  (i.e., 
increase  in  the  axial  flow  velocity);  passage  to  double-shaft  uiagrar. 
(i.e.,  lowering  of  circumferential  velocity  of  rotation  of  the  rotor). 

11.6.  Nomenclature  of  Basle  Processes  of  Operation 
of  the  Turbojet  Engine 

At  present  there  is  no  standard  or  united  nomenclature  of  basic 
processes  of  operation  of  gas-turbine  engines. 

Each  firm  manufacturing  aircraft  engines  and  every  aircraft 
company  using  these  engines,  in  the  course  of  finishing  and  operation 
of  the  gas  turbine,  refines  and  changes  the  enumeration  of  basic 
regimes  of  operation  of  the  engines  and  the  correlation  between 
thrusts,  and  values  of  basic  parameters  of  the  engine  on  these 
processes.  In  the  civil  aviation  of  our  country  the  following 
nomenclature  of  bu~ic  processes  of  the  TRD  has  been  accepted  (see 
Pig.  11.6) 


11.6.1.  Maximum  (or  Takeoff)  Regime 

In  this  regime  (at  maximum  revolution  number)  the  engine  must 
develop  maximum  thrust  at  continuous  operation  during  a  limited 
time,  as  a  rule,  not  more  than  5-10  minutes .  In  the  maximum  regime 
maximum  permissible  of  the  condition  of  providing  the  reliability 
of  gas  temperature  for  the  turbine  is  fixed  and  limited. 

The  takeoff  regime  is  used  in  flight,  in  altitude  gain  and  for 
the  achievement  of  maximum  flight  speed  in  combat  conditions  (with 
pursuit  of  the  enemy  or  withdrawal  from  him). 

11.6.2.  Nominal  Rating 

In  this  regime  (at  a  nominal  revolution  number)  the  engine  must 
develop  the  greatest  thrust  at  continuous  operation  for  30  minutes 
to  1  hour.  In  the  nominal  regime  maximum  permissible  gas  temperature 
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behind  the  turbine  is  also  fixed.  The  thrust  in  the  nominal  regime 
in  usually  lower  by  10-151  than  that  in  the  takeoff  process,  i.e.  , 

/?.«.**  (0,85-4-0,90) /?««; 

in  this  case 


/1iom  m  (0,96*4*  1  *0)  ft n*s. 

Basic  calculations  of  the  engine  (for  strength,  gas-dynamic)  and 
the  selection  o'*  the  flow  passage  cross-sectional  area  are  produced 
In  the  .i  miinal  regime. 

The  nominal  rating  is  the  basic  process  of  operation  of  the 
engine  on  a  fighter  aircraft.  On  passenger  aircraft  this  regime  is 
used  in  climbing. 


11.6.3*  Crusing  Regime 

In  this  regime  the  greatest  thrust  is  guaranteed  at  continuous 
and  reliable  operation  of  the  engine  during  the  whole  established 
period  of  service  (service  life). 

‘a;  cruising  regime  is  used  in  flight  over  a  route,  at  long 
range  in  altitude  and  high-speed  conditions. 

Relation  between  thrust  at  maximum  and  cruising  processes 
equals : 

R*  p  "  (0,70-4-0,75)  Rmn  0,85/?bom1 

In  this  case 


The  indicated  regime  is  frequently  called  "maximum  cruising." 

11.6.4.  Economic  Regime  (Reduced  Cruising  Regime) 

This  regime  can  be  obtained  with  deeper  throttling  of  the  engine; 
it  corresponds  approximately  to  the  regime  of  operation  with  minimum 
specific  fuel  consumption;  the  ^elation  between  thrusts  at  reduced 
jruislng  regime  equals: 
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Rm  -  (0,5-5-0,6) /?ma*~  (0,60-4-0,75) /?)|0i*. 

Even  more  reduced  regimes  of  operation  is  possible. 

11.6.5.  Regime  of  Idling 

This  regime  corresponds, to  the  minimum  revolutions  at  which 
steady  operation  is  possible  of  the  engine  for  a  limited  time  (10-15 
min)  is  possible.  The  thrust  in  this  regime  must  be  3-5!?  of  the 
maximum  (when  R  =  5,000  kgf  we  have  R  .  =  150-250  kgf ) .  This 
thrust  must  be  sufficient  for  taxiing  an  aircraft  on  an  airfield. 

It  must  not  be  excessive  to  avoid  an  increase  in  the  run  of  an 
aircraft  when  landing  with  an  operating  engine. 

Usually , 

fl.'i.r  =  0|2-5-0,4/t,nax. 


In  the  process  of  idling  permissible  gas  temperature  behind 
the  turbine  must  be  regulated. 

In  a  number  of  cases  (special,  extreme),  in  the  practice  of 
foreign  aircraft  engine  construction,  the  so-called  extreme  regime 
has  been  introduced.  In  this  (forced)  regime  the  engine,  in  the 
case  of  an  emergency  situation,  must  operate  for  1-2  minutes  without 
breakdown. 

One  must  distinguish  between  ground  and  also  altitude  and  high¬ 
speed  regimes. 

Sometimes  the  boosting  of  an  engine  (i.e.,  short-term  increase 
in  thrust  of  the  gas  turbine)  on  takeoff  and  In  flight  is  carried 
out  with  the  help  of  water  injection  an  the  entrance  Into  the 
compressor  (DTRD  Rolls-Royce  "spey,"  TRD  Rolls-Royce  "Tyne")  or 
the  afterburning  of  fuel  in  the  afterburner  (TRDF  Bristol-SIddley 
"Olympus"  593),  etc. 
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11.7.  Effect  of  External  Atmospheric  Conditions  on 
the  Work  of  the  Turbojet  Engine 


Above  we  examined  in  detail  throttle  characteristic  of  the  TRD, 
assuming  with  its  analysis  that  the  external  atmospheric  conditions 
~emain  constant.  However,  external  conditions  (temperature  T  and 
pressure  p  )  in  itself  have  a  substantial  effect  on  parameters  of 
the  working  process,  regime  of  operation  and  basic  indices  of  the 
turbojet,  engine. 

Lot  us  explain  this  in  detail:  let  us  assume  that  the  number 
1'  revolutions  of  the  engine  and  position  of  the  control  elements 
remain  constant  (i.e.,  n  *  const  and  *  const). 

Let  us  examine  from  the  beginning  the  case  of  the  increase  in 
xternal  pressure.  An  increase  in  pH  and,  consequently,  air  density, 
leads  to  an  increase  in  the  mass  flow  of  air  through  the  engine. 

Since  the  change  in  p  causes  a  proportional  change  in  pressure  along 
the  whole  channel  of  the  engine,  the  velocity  of  outflow  of  gas 
from  the  Jet  nozzle  and,  consequently,  the  specific  thrust  of  the 
TRD  do  not  change.  Ultimately,  the  total  thrust  of  the  TRD  increases, 
and  this  growth  is  proportional  to  the  growth  in  external  pressure. 
a1  1  'it t  .  ’-’"duction  in  p  ,  conversely,  thrust  of  the  TRD  drops. 

H 

Let  us  now  examine  the  case  when  external  air  temperature  is 
decreased.  A  reduction  T  leads  to  an  increase  in  the  mass  flow  of 

H 

air  through  the  engine  (air  density  p  Increases);  furthermore,  the 

H 

specific  thrust  of  the  TRD  grows  up,  since  with  the  same  expended 
work  for  the  compression  of  1  kg  of  air 

L*  ~  102,57’;(n;  -1)-^-  =  const 

values  of  the  compression  ratio  of  the  compressor  increase,  and,  as 

consequence,  temperatures  and  pressures  of  the  gas  at  the  entrance 

into  the  Jet  nozzle  increase.  Ultimately  the  velocity  of  outflow 

from  the  Jet  nozzle  of  the  engine  increases.  Thus,  the  total 

thrust  of  the  TRD  increases  and  as  a  result  of  the  change  in  its 

two  components  ( G  and  R  )  and  not  one  (C  ),  as  in  the  preceding  case. 

b  y  a  b 
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The  increase  in  T  ,  conversely,  leads  to  a  drop  in  thrust  of  the  TRD. 

H 


One  should  keep  in  mind  that  the  relative  oscillations  in 
external  pressure  are  small.  Actually,  the  real  change  in  t from 
-4R°C  in  winter  to  +  45°C  in  summer  of  the  relatively  standard 
temperature  (t  =  +15°C)  consists  of  magnitude 


90 
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«31%. 


A  change  in  p  from  720  mm  Hg  of  the  relative  standard  value 

H 

PH  =  760  mm  Hg  gives  only 


ip 

Per 


60 

760 


8%. 


Thus,  the  change  in  external  temperature  has  a  greater  total 
effect  on  operation  of  tne  engine  than  does  change  in  external 
pressure.  This  circumstance  is  a  well  proven  and  established 
experimental  fact. 


Thus,  for  instance,  it  has  been  noted  that  with  the  exploitation 
of  aircraft  with  TRD  under  conditions  of  the  far  north  engines 
develop  substantially  greater  thrust  (30-40?)  than  in  southern 
latitudes . 


It  is  known  likewise  that  stationary  gas-turbine  power  units  at 
thermal  power  stations  in  Switzerland  with  operation  of  them  in  the 
winter  develop  a  power  30-40?  greater  than  that  with  operation  in 
the  summer. 

From  the  experience  of  operation  of  the  TRD  in  air  transport 
it  is  known  that  an  increase  in  T H  from  +15°C  to  +30°C  (i.e.,  5?)1 
leads  to  a  thrust  drop  in  the  TRD  of  7-11%. 

Figure  11.20  shows  the  effect  of  T  and  p  on  throttle 

H  H 

characteristics  of  the  TRD. 
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Pig.  11.20.  Comparison  of  normal 
and  universal  (reduced)  character¬ 
istics  of  the  TRD. 


Thus,  a  change  in  external  atmospheric  conditions  has  a  consider' 
able  effect  on  the  operation  of  the  TRD.  The  question  arises  how  to 
take  into  account  the  effect  of  atmospheric  conditions  on  throttle 
characteristic  of  the  engine.  Indeed  test  bench  characteristics  of 
the  TRD  are  taken  at  various  atmospheric  conditions.  Which  indices 
of  Vne  engine  should  one  record  in  his  service  record?  How  does 
one  compare  characteristics  between  each  other,  for  example,  of 
engines  of  the  same  series  taken  at  different  values  of  p  and  T  ? 

It  would  be  senseless  to  attempt  to  take  characteristics  of  the 
TRD  accurately  at  the  same  atmospheric  conditions.  It  is  obvious 
that  the  correct  solution  to  the  problem  of  considering  the  effect 
of  external  atmospheric  conditions  on  characteristics  of  TRD  is  in 
order  to:  exclude  this  effect,  having  taken  certain  atmospheric 
conditions  as  "standard" j  reduce  results  of  tests  obtained  under 
any  conditions  to  these  standard  conditions,  and,  consequently, 
constant  any  throttle  characteristic  of  the  TRD  only  for  these 
conditions . 

Accepted  as  standard  have  been  these  conditions:  t  *  +15°C 

H 

( T  *  288°K);  p  ■  760  mm  Hg.  Conversion  of  the  characteristic  of 

H  H 
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the  TRD,  obtained  under  any  external  conditions,  into  standard 
characteristics  is  done  with  the  help  of  the  theory  of  gas-dynamic 
similarity. 

11.8.  Application  of  the  Theory  of  Gas-Dynamic  Similarity 

to  the  Turbojet  Engine 

In  examining  the  TRD  as  an  aggregate  of  separate  gas-uynamic 
elements  -  inlet  device,  compressor,  combustion  chamber,  turbines 
and  jet  nozzle,  -  one  should  draw  the  conclusion  that  the  gas- 
dynamic  similarity  of  the  TRD  as  a  whole  assumes  the  observance  of 
the  similarity  of  all  of  its  parts.  However,  it  is  possible  to  show 
that  in  several  elements  of  the  engine  gas-dynamic  similarity  is 
rarely  observed;  such  elements  are  the  Intake  and  Jet  nozzle.  It* 
ocher  elements  of  the  TRu,  as,  for  instance,  in  combustion  chambers 
and  afterburners,  the  realization  of  similar  regimes  appears  generally 
impossible.  The  theory  of  the  gas-dynamic  similarity  is  applicable 
mainly  to  turbomachines:  compressor  (fan)  and  turbine. 

Thus,  it  is  more  correct  to  speak  not  about  tne  complete 
similarity  of  the  regime  of  operation  of  the  turbojet  engine  (which 
does  not  exist  in  nature)  but  about  the  partial  similarity  of  the 
TRD,  understanding  by  it  the  similarity  of  regimes  of  operation 
of  its  turbocompressor  part. 

Let  us  look  at  this  question  in  detail. 

11.8.1.  Intake  System 

It  is  known  that  a  necessary  condition  of  gas-dynamic  similarity 
is  kinematic  similarity,  i.e.,  the  similarity  of  the  configuration 
of  flows  and  the  proportionality  of  velocities  at  similar  points. 

Let  us  examine  the  spectrum  of  flow  lines  of  the  standard 
intake  on  a  test  stand  (7  ■  0)  even  in  flight  (7  >  0)  (Fig.  11.21a 
and  b). 
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Pig.  11.21.  Spectrum  of  flow 
lines  of  inlet  device  on  a  test 
stand  and  in  flight. 


On  a  test  stand  (see  Pig.  11.21a)  flow  lines  at  the  entrance 
into  the  engine  converge  in  the  form  of  a  funnel,  forming  a  natural 
convergent  channel.  Along  each  elementary  stream  the  pressure  and 
temperature  drop,  and  the  gas  velocity  increases. 

In  flight  (see  Fig.  11.21b),  as  a  result  of  the  deceleration  of 
flow,  the  flow  lines  diverge,  forming  a  diffusion  channel  with  "fluid" 
walls.  Now  along  each  elementary  stream  the  pressure  and  temperature 
of  the  gas  increase,  and  the  velocity  is  lowered. 

A  comparison  of  spectra  of  inflow  on  the  two  named  regimes  shows 
that  the  geometrical  and  kinematic  similarity  of  flows  entering  into 
the  engine  is  absent;  consequently,  the  gas-dynamic  similarity  is  also 
absent.  At  supersonic  flight  speed  there  appear  shock  waves  at  the 
entrance  into  the  engine,  which  continuously  (with  a  growth  in 
velocity)  introduce  qualitative  changes  into  the  physical  streamline 
flow  and  change  the  fields  of  velocities,  pressures  and  temperatures. 
I'hus,  the  eubeonio  and  eupersonio  regimes  of  the  intake  system  in 
principle  can  be  similar  in  a  g  ■''-dynamic  respect. 
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The  aforesaid  can  be  generalized  in  the  following  manner:  since 
in  undisturbed  sections  of  flow  on  the  test  stand  and  in  flight  M 
numbers  are  not  equal,  i.e., 

M(v  >  oj^A^v-o). 

then  the  gas-dynamic  similarity  of  regimes  of  operation  of  the  intake 
of  the  engine  is  provided  automatically. 

Kinematics  of  the  flow  entering  into  the  TRD  for  the  case  of 
flight  can  conditionally  be  reduced  to  the  case  of  operation  of  the 
Intake  on  the  test  stand,  if  we  assume  that  there  always  exists  a 
certain  zone  (region)  in  front  of  the  engine  on  she  border  of  which 
the  flow  is  completely  braked  (V  -O;  p  =  p*;  T- T’ ).  With  respect  to  tills 
none  lines  of  flow  have  exactly  the  same  form,  as  those  in  the  case 
of  air  Inflow  on  the  test  stand.  Consequently,  for  case  of  flight 
with  velocity  V  the  process  at  the  entrance  into  the  t ngine  can 
be  represented  as  consisting  of  adiabatic  deceleration  (up  to 
parameters  v  - -0;  7^-7',,-)-  ,  etc.)  and  subsequent  acceleration  cf  lie 

in  front  of  the  entrance  into  the  compressor  (see  Fig.  11.21c)  [sic]. 

Such  a  model  of  flow,  being  conditional,  in  a  number  of  cases 
considerably  simplifies  the  analysis  and  calcualtions  of  character- 
istices  of  the  TRD. 


11.8.2.  Jet  Nozzle 

Flows  in  the  Jet  nozzle  of  the  TRD  at  different  flight  speeds, 

generally  speaking,  are  not  similar,  since  on  a  test  stand  and  in 

flight  expansion  ratios  of  gas  in  the  Jet  nozzle 

• 

Pi 

•Tpt~ - /C0l)st 

Pa 

are  different,  and,  consequently,  numbers  at  the  exit  from  the 
engine  are  different. 

If,  however,  the  Jet  converging  nozzle  operates  on  critical 
pressure  differentials,  i.e.. 
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then  on  the  section  of  the  nozzle  ■  1  ■  const,  and  such  a  nozzle 
operates  in  a  similar  regime. 

For  a  jet  nozzle  of  the  Laval  type  of  nozzle  similar  regimes  - 
are  regimes  of  unde  re  xp  ansi  on  when  pt>pa- 

11.8.3.  Combustion  Chamber 


Flows  of  gas  in  combustion  chambers  (or  in  afterburners)  cannot 
be  similar.  Actually,  in  similar  regimes  the  following  conditions 
must  be  observed: 


-J-=.  const 

• 1 

(similarity  of  temperature  fields) 


(1) 


a = const.  (2) 


(constancy  of  the  coefficient  of  air  surplus 
as  a  dimensionless  parameter) 


Having  noted  that 


r=cn.st,  (3) 

we  come  to  the  conclusion  that  the  observance  of  conditions  (1)  and 
(3)  is  possible  only  when 


7*5= const  and  t\— const. 


However,  this  will  denote  no  longer  the  similarity  but  the  identity 
of  gas  flows. 

It  is  easy  to  conclude  that  with  a  change  in  regime  of  the 
engine  (for  example,  number  of  Its  revolutions),  and  also  the 


w 


regime  of  flight  (for  example,  speed  and  altitude  of  flight)  the 
regime  of  operation  of  combustion  chamber  changes. 

11.8.4.  Compressor 


Conditions  of  the  observance  of  similarity  of  regimes  of  operation 
of  the  compressor  are  the  equality  of  M  numbers  with  respect  to  axial 
and  circumferential  velocities  or  magnitudes  proportional  to  them, 

i.e.  , 


=  const; 


(1) 


const. 


(2) 


In  similar  regimes 

n*  —  const;  const;  ?!,„  = const;  jVk—  const,  etc  . 

11.8.5.  Turbine 

The  condition  of  the  observance  of  the  similarity  of  regimes 
of  operation  of  the  turbine  is  also  the  constancy  of  two  M  numbers 
with  respect  to  axial  and  circumferential  velocities: 

M,„  ~  </  ~  Gr = const;  (1) 

M,  ~l4  =  const,  (2) 


In  similar  regimes 

.i|  -const;  >h  -const;  N,  -const;  --const. 

11.8.6.  Turbojet  Engine 

Conditions  of  the  observance  of  partial  similarity  of  regimes 
of  a  geometrically  invariable  TRD  are  equalities: 

!)  ,M0  =  const  and  2)  M„  =  const. 
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For  a  test  stand  (Mg  ■  0)  fulfillment  of  the  single  condition 
V.  ■  c^nst  is  necessary. 

U 

In  similar  regimes  the  relative  and  dimensionless  parameters 
of  the  TRD  maintain  the  invariable  value. 

Consequently , 


»l0=con$t;  #=const;  —const;  5f=const>  etc. 

11.8.7.  Formulas  of  Similarity 

Using  the  basic  positions  of  the  theory  of  similarity, 
correlations  between  parameters  of  the  engine  in  similar  regimes  can 
1  '•  found.  For  this  purpose  it  is  necessary  to  present  the  investi¬ 
gated  parameter  of  the  TRD  as  a  function  of  three  parameters  of 
flow  in  any  £-th  section:  pressure  p. ,  temperatures  T.  and  velocity 
a.;  then,  using  the  property  of  similar  flows  -  constancy  of  ratios 
of  pressures  and  temperatures  in  any  sections  and  the  invariability 

of  M.  -  one  should  express  the  parameter  of  the  TRD  as  a  function 
L  «  • 
of  magnitudes  p  and  T  . 

H  H 

The  connection  between  gas  parameters  in  sections  "t"  and  "h" 
has  the  form 

Pi  p*\  T 1 T 

C'-Vr.-Vr.  feince  Mi— const). 


11.8.7.1.  Formula  of  Similarity  for  Thrust. 
We  have 

further  we  find 
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Then 


R-pl 


Consequently,  in  similar  regimes 


A = const. 
P» 


(11.11, 


11.8.7.2.  Formula  of  Similarity  for 
Specific  Fuel  Consumption. 


We  have 


M-3V 
w.no 


V T*  (since 


^0= const  and  ~ const); 


consequently , 


=  const. 

Vr; 


01.  in ) 


11.8.7.3.  Formula  of  Similarity  for  Fuel 
Consumption  Per  Hour  (Per  Second). 


We  have 

GT  =  /?Cya. 

Using  (11.13)  and  (11.1*1),  let  us  write 

•"V"  In¬ 

consequent  ly  , 

— -const. 

pIVK 


11.8.7.4.  Formula  of  Similarity  for  Specific  Thrust. 


We  have 


Consequently , 


(11.15) 


(11.16) 
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11.8.8.  Reduction  of  Parameters  of  the  Turbojet 
Engine  to  Standard  Atmospheric  Conditions 

In  order  that  it  is  possible  to  use  characteristics  of  the  TRD 
taken  on  the  test  stand  or  in  flight  independent  of  external 
conditions,  and  in  order  that  these  characteristics  are  universal , 
results  of  tests  and  parameters  of  gas  flow  and  the  engine  must  be 
reduced  to  standard  atmospheric  conditions.  Accepted  as  such 
conditions  are:  p  ■  760  mm  Hg:  T  *  288°K. 

rCT  CT 

1'sing  formulas  of  similarity  for  two  regimes  (measured  and 
.andard),  the'  so-called  reduction  formula  can  be  obtained. 

11.8.8.1.  Reduction  Formula  for  the  Turbojet  Engine. 

The  reduction  formula  of  thrust. 


We  have 


whence 


R  *rp 

* 


For  test  stand  conditions  (V  •  0 ) 


p  Z52 

"iij  "m  _  • 


Po 


Reduction  formula  of  specific  fuel  consumption, 


We  have 


wnence 


cy*  cn  on 

v  t ;  /tz  • 


<»l  <"» 


CjUlMM) 


Cju(H»i 


(11.17) 


(11.18) 


(11.19) 
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For  test  stand  condition  ( V  =  0) 


r  -r  /"28S 

(<lf)  —  C  j,A  (31M)  |  /  y- 


(11.20' 


Reduction  formula  of  the  number  of  revolutions. 


We  have 


M«p - *n« 


For  test  stand  conditions 


(11.21; 


(11. 


on' 

C-L.  , 


11.8.9.  Representation  of  Characteristics  of  the 
Turbojet  Engine  in  Parameters  of  Similarity 

In  order  that  the  characteristics  of  the  TRD  are  universal , 
they  are  plotted  in  parameters  of  similarity  in  the  form  of  these 
dependences : 

/?np -/i  CyKnp)— /j(rt0p); 

It  is  easy  to  see  which  great  convenience  is  the  use  of  universal 
characteristics  of  the  TRD.  The  whole  variety  of  throttle  character¬ 
istics  of  thrusts,  plotted  for  various  values  of  TQ  and  pQ  (see 
Fig.  11.20),  is  turned  into  a  single  thrust  curve,  represented  in 
parameters  of  similarity. 

Let  us  Intersect  the  family  of  characteristics  R  ~  fin,  Tq) 
horizontally  (see  Fig.  11.20a),  and  let  us  note  the  obtained  points 
of  the  intersection  («,  b  and  o) .  On  the  appropriate  universal 
characteristic  /?«p=/(nBp).  these  three  points  will  be  depicted  in  the 
form  of  a  single  point  a'  (the  same  value  of  reduced  revolutions  nnp 
at  various  Tq  correspond  to  different  values  of  physical  revolutions 
n) . 

If,  however,  we  dissect  the  family  of  these  characteristics  by 
a  vertical  line,  then  the  obtained  points  of  the  intersection  id,  e 
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and  /)  will  be  depicted  on  the  universal  characteristic  of  the  TRD 
in  the  form  of  three  points:  d't  e',  and  f  with  different  values 
of  reduced  revolutions  (the  same  value  of  n  at  different  Tq  correspond 
to  different  values  of  »np). 

Let  us  now  dissect  the  family  of  characteristics  R  *  f(n ,  pQ) 

by  a  horizontal  line  (see  Pig.  11.20b)  with  points  of  intersection 

a,  b  and  <?.  On  the  universal  characteristic  these  points  will  be 

depicted  also  in  the  form  of  three  points  a',  b'  and  o'  (different 

value?  of  n  when  TQ  •  const  correspond  to  different  values  of  n  ). 

i  oiuts  dj  e  and  f,  lying  on  the  vertical  line,  are  depicted  in  the 

form  of  a  single  point  d’  on  the  universal  characteristic  (since  when 

2'  *  const  and  n  ».  const  we  have  also  «  *  const), 

u  np 

Results  of  test  stand  tests  of  the  TRD  are  reduced  to  standard 
atmospheric  conditions  in  the  following  manner: 

1)  in  accordance  with  the  checked  reduced  revolution  number  and 
external  conditions,  we  determine  the  physical  number  of  revolutions 
which  the  engine  must  develop,  i.e., 


2)  on  the  obtained  number  of  revolutions  parameters  of  engine  - 
thrust,  specific  fuel  consumption,  etc.,  are  measured; 

3)  according  to  reduction  formula  (11.17)-(11.22)  we  determine 
the  reduced  values  of  parameters  of  the  engine  and  compare  them  with 
the  reduced  characteristic. 

The  divergence  between  reduced  parameters  of  different  engines 
of  the  same  series  (when  n  ■  const)  must  not  exceed  0. 5-1*0$.  In 
this  case  the  engines  correspond  to  technical  requirements. 

With  the  help  of  the  deduction  formula  it  is  possible  to  solve 
the  inverse  problem:  determine  real  parameters  of  the  TRD  correspon¬ 
ding  to  any  atmospheric  conditions. 
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CHAPTER 


12 


HIGH-SPEED  CHARACTERISTICS  OP  TURBOJET  ENGINES 

Definition.  High-speed,  characteristics ,  or  oharaoteris  ties  with 
respect  to  flight  speed,  of  turbojet  engines  are  called  dependences 
of  thrust  and  also  of  specific  fuel  consumption  on  flight  speed  at 
the  assigned  program  of  control  of  the  engine.  High-speed  character¬ 
istics  are  frequently  supplemented  by  curves  of  temperature  change 
in  the  gas  in  front  of  the  turbine,  fuel  consumption  per  hour,  and 
also  other  magnitudes  important  in  operation. 

12.1.  High-Speed  Characteristics  of  Single-Shaft 
Turbojet  Engines  Without  Afterburners 

Let  us  examine  high-speed  characteristics  of  single-shaft  TRD 
without  afterburners  with  a  program  of  adjustment  for  maximum  thrust. 

Let  us  analyze  the  peculiarities  of  approximate  characteristics 
of  the  TRD  obtained  by  calculation  wit.nout  the  use  of  characteristics 
of  elements  of  the  engine:  compressor,  combustion  chamber,  turbine 
and  Jet  nozzle,  considering  only  the  change  in  gas-dynamic  losses 
in  the  intake  at  supersonic  flight  speeds. 

As  the  basic  conditions  placed  as  the  basis  of  the  calculation 
of  these  characteristics  let  us  take  the  following: 

1)  constant  flight  altitude  H  *  const; 

*•)  ”  "nut  -  const.  |  pr0gram  of.  adjustment  for  maximum  thrust. 

3)  7*3=  7i(m4„= const  { 
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The  basic  assumptions  usually  taken  in  approximate  calculations 
of  high-speed  characteristics  include: 

1)  constancy  of  work  of  the  compressor,  i.e.,  £*=const  when 
n  *  const; 

2)  constancy  of  efficiency  and  coefficients  of  losses  of  elements 

of  the  TRD,  i.e.  ,  i£»cunst;  const:  const:  coast:  const. 

T-e  roughest  assumption  is  the  one  about  the  constancy  of 
efficiency  of  the  compressor.  The  effect  of  n*=var  on  the  high-speed 
characteristic  of  the  TRD  is  examined  below.  As  the  dependence 
—f(V)  1  is  possible  to  use  the  curve  given  in  Pig.  5.7  for  the 
supersonic  adjustable  diffuser; 

3)  complete  expansion  of  the  gas  in  the  Jet  nozzle  of  the  TRD, 
I.e.,  Ps11*  pit. . 


The  last  assumption  assumes  the  system  of  the  all-regime 
adjustable  Jet  nozzle  of  the  Laval  type  of  nozzle. 

12.1.1.  Generalized  Characteristics  of  Compressors 

and  Turbines 

An  accurate  calculation  of  altitude-high-speed  characteristics 
of  aircraft  gas  turbine  engines  is  very  complex  and  extremely 
"individualized,"  since  it  requires  the  use  of  specific  characteristics 
of  compressors  and  turbines. 

Analysis  of  experimental  characteristics  of  a  large  number  of 
compressors  allowed  R.  M.  Fedorov  to  find  and  N.  D.  Tikhonov  to 
refine  the  semi-empirical  dependences  of  the  effect  of  the  computed 
value  .i*0  on  the  regularity 

and 

with  the  program  of  adjustment  n  ■  const  (Figs.  12.1  and  12.2). 
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The  obtained  dependences  must  be  examined  as  certain  generalize 
characteristics  of  compressors;  they  can  be  used  for  the  approximate 
calculation  of  altitude-high-speed  characteristics  of  aircraft  GTD. 


Regularities  /.K=*/(n0 P)  can  be  explained  in  the  following  manner. 

With  an  increase  in  T'm  the  axial  velocity  at  the  exit  from  the 
compressor. 1  The  axial  velocity  at  the  entrance  into  compressor 
Increases  at  small  values  .i*0  and  decreases1  at  large  values  .ti*  • 

Thus,  with  the  Increase  in  T\  there  is  redistribution  of  axial 
velocities  along  the  compressor;  when  u  ■  const  this  leads  to  a 
change  in  angles  of  incidence  of  flow  on  rotor  blades  and,  consequently, 
to  a  change  in  the  operation  of  separate  stages.  As  a  result  at 
small  values  with  an  increase  in  f*.  due  to  the  decrease  in 

angles  of  incidence  of  flow  in  all  stages,  the  operation  of  the 
compressor  is  decreased;  at  large  values  of  (>6)  the  work  of  the 
compressor  Increases;  when  n*#  *6  changes  in  ALn  compensate  each 
other,  and  U"  const 

Used  in  calculated  practice  frequently  are  simplified  relations 
when  evaluating  works  of  the  compressor  in  the  form 

Z,— const  and  conit  when  «*=  const 

and  when  evaluating  the  work  of  the  turbine  -  in  the  form 

4«con$t,  ~~t~  ,)= const  and  V— const. 

Pi 

12.1.2.  Effect  of  Flight  Speed  on  Compression  Ratio 
of  Air  in  the  Turbojet  Engine 

With  an  increase  in  the  flight  speeds  the  dynamic  compression 
ratio  , 

-•(!  +0,2M.T*«:, 

/*■ 

and  also  the  kinetic  heating  of  air  in  front  of  the  engine. 

An  increase  in  stagnation  temperature  at  the  entrance  into  the 

',ompre3  3or 


lFrom  the  equation  of  -flow  for  sections  2-2  and  e.o—t.a.,  under  the 
condition  thatrJjwcorst.it  follows  that  f  on  the  other  hand 

ft 
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tI  r.(i+o.2A^) 


at  the  same  magnitude  of  expended  work 

1  02,5/  h  (n^  -  1 )  const 

leads  to  the  fact  the  compression  ratio  of  the  compressor  rnonotonical 
drops;  magnitude  nj  ,  with  an  increase  of  Mg  number,  asymptotically 
approaches  unity. 

However,  the  total  compression  ratio  of  the  air 

a  •  nAn'-=  (<\o  f  0,2  .M;)  ’* 

In  this  case  Increases,  since  the  growth  in  np,  which  proves  to  be 
greater  the  less  losses  in  shock  waves  appearing  in  the  intake,  is 
the  determining  one. 

Figure  12.3  shows  curves  of  the  change  in  compression  ratios  a,  .t* 
and  n,!  with  respect  to  flight  speed  (according  to  Mg  number). 


With  an  Increase  in  the  flight  speed  the  total  compression 
ratio  and,  consequently,  and  total  expansion  ratio  continuously 
increases,  dince  the  pressure  differential  on  the  turbine  remains 
constant  (when  always  aj -const),  then  the  expansion  ratio  of 

the  gas  in  the  Jet  nozzle  continuously  grows  up  also: 


;t 


p.c 


p*_ 

Pm 


~it, 


and  it  increases  in  proportion  to  the  compression  ratio. 
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The  gas  temperature  behind  the  turbine  in  this  case  maintains  an 
invariable  value: 

T*  =  Ti— ~=const  (since  T\ —const  and  £f —const). 

As  a  result  the  velocity  of  expiration  of  the  gas  from  the  Jet 
■  ozzle,  equal  to 

xiso  continuously  increases. 

The  specific  thrust 


with  an  increase  flight  velocity  is  lowered,  since  a  velocity  increase 
in  outflow  from  the  nozzle  occurs  considerably  slower  than  the 
increase  in  flight  speed  (Pig.  12.4). 


Pig.  12.4.  Change  in  velocity  of 
outflow  from  the  nozzle  with 
respect  to  flight  speed. 


The  drop  in  specific  thrust  of  the  TRD  on  flight  speed  (Fig.  12.5) 
can  be  explained  still  differently. 

« 

With  an  increase  in  compression  ratio  when  ■  const  the 
effective  work  of  the  cycle  Lg  (being  on  a  test  stand  close  to 
maximum)  drops,  approaching  zero.  Consequently,  the  specific  thrust, 
■t::  this  results  from  expression 

also  with  an  increase  in  V  it  a;  •  "oaches  zero. 


297 


Fig.  1.2. 5.  Effect  of  flight  speed 
on  specific  thrust,  flow  of  air  and 
total  thrust  of  the  TRD. 


12.1.4.  Change  in  Air  Flow 


With  an  increase  in  the  flight  speed  the  mass  flow  of  air  throur 
the  engine  continuously  Increases  and  is  proportional  to  the  total 
compression  ratio.  It  is  easy  to  be  convinced  of  this,  having  written 
the  expression  of  the  rate  of  air  flow  for  the  critical  (throttling) 
sectiun  of  the  noszle  box  of  the  turbine: 

lW. 

whence  we  obtain  that 


G.  ~  p\  ~  .t. 


since  ,  % 

Tt.i  =T3~  const; 

—  const; 
pn  —  const. 

Figure  12.5  shows  the  dependence  G,=/(Mo). 

12.1.5.  Change  in  Total  Thrust 

The  change  in  total  thrust  of  the  TRD  with  respect  to  flight 
speed  is  determined  by  regularities  of  the  change  in  its  factors: 
specific  thrust  and  flow  of  air,  i.e., 

R—Ry&G. 


2  98 


T 


Figure  12.5  shows  the  curve  of  the  change  In  total  thrust  R  TRD 
depending  on  flight  speed  (MQ).  With  an  increase  in  F(MQ)  in  the 
region  of  small  values  Mq  (Mq  <  0.11-0.5)  the  thrust  initially  drops, 
since  the  lowering  of  specific  thrust  is  still  not  compensated  by  the 
thrust  in  mass  flow  of  air;  in  transonic  and  supersonic  regions  of 
Flight  the  thrust  of  the  TRD  increases,  and  at  small  compression 
ratios  of  the  compressor  (rt]I0  -3—5)  can  considerably  exceed  the  test 
bench  value  of  thrust  /?q.  Such  a  regularity  is  explained  by  the 
intensive  increase  in  flow  of  air  in  combination  with  the  more 
moderate  drop  in  specific  thrust.  Finally,  at  high  supersonic  flight 
■peeds  the  thrust  of  the  TRD,  having  attained  a  maximum,  then  drops 
down  to  zero  in  accordance  with  an  inevitable  tendency  of  the  drop 
in  specific  thrust. 


12.1.6.  Change  in  Efficiency  of  the  TRD 


Let  us  examine  how  with  respect  to  flight  speed  efficiency  of 
the  TRD  -  effective,  tractive  and  general  is  changed. 

12.1.6.1.  Effective  Efficiency. 


expression 


c  l- V* 


epmV^  — ^}) 
$k.c 


it  follows  that  the  change  in  effective  efficiency  is  determined 
by  the  regularity  of  the  change  in  useful  work  of  the  cycle  and 
introduced  (with  fuel)  heat  with  respect  to  the  flight  speed  (Fig. 

12.6). 


Since  the  quantity  of  introduced  heat  imparted  to  1  kg  of  air 

with  an  increase  in  V  is  continuously  decreased  (due  to  the  increase 

in  air  temperature  at  the  entrance  into  the  combustion  chamber), 

and  the  work  of  the  cycle  at  subsonic  flight  speeds  changes  little, 

then  the  magnitude  n  increases  lntitially.  At  high  supersonic 

& 
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i.Oi - 


flight  speeds  the  increasing  drop  in  work  of  the  cycle  leads  to  a 
continuous  lowering  of  parameter  og  (down  to  zero). 

12.1.6.2.  Thrust  Efficiency. 


The  magnitude  of  thrust  efficiency  is 
expression 


L*  2V 
L,  V  +  eim 


determined 


from  the 


When  V  ■  0  we  have  *  0;  when  V  *  we  have  *  1.0. 

Consequently,  with  an  increase  in  flight  speed  the  magnitude  of 
thrust  efficiency  increases  from  zero  to  unity  (see  Fig.  12.6). 
Thus,  with  an  increase  in  flight  speeds  losses  of  energy  with  the 
exhaust  velocity  are  continuously  decreased.  However  at  the  moment 
when  these  losses  completely  disappear  and  thrust  efficiency  reaches 
the  maximum  possible  theoretical  value,  thrust  of  engine  disappears. 


12.1.6.3.  Total  Efficiency. 


From  expression 


vm 


it  follows  that  a  change  in  total  efficiency  of  the  TRD  with  respect 
to  flight  speed  is  determined  by  regularities  of  the  change  in 
partial  efficiencies:  internal  and  external  (see  Fig.  12.6). 


When  7*0  and  when  V  •  a ^  the  total  efficiency  becomes  zero. 
With  an  Increase  in  V  the  total  efficiency  increases,  reaches  a 
maximum  at  high  supersonic  velocity,  and  then  drops  to  zero  (see 
Fig.  12.6). 
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The  change  in  total  efficiency  characterizes  the  economy  of  the 
TRD  in  the  whole  speed  range  of  flight. 

12.1.7*  Change  in  Specific  Fuel  Consumption 


The  connection  between  specific  fuel  consumption  and  flight 
cpeed  was  determined  earlier  i  i  terms  of  total  efficiency  in  the 
form  of  expression  (9*32): 


*r* 


For  the  case  of  operation  of  a  TRD  on  a  test  stand  (V  ■  0) 
formula  (9.32)  will  become  expression  (9.35): 

,V(0)”« 

Thus,  on  a  test  stand,  when  nQ  ■  0,  the  specific  fuel  consumption 
has  a  quite  definite  finite  value.  For  the  best  TRD 


Cr,(oj  —0,71-*-  0,76 


JUL 


kgf -h 


With  an  Increase  in  the  flight  speed  the  specific  fuel  consumption 
increases,  since  the  Increase  in  total  efficiency  log  flight  speed. 

At.  great  flight  speeds,  when  nQ  reaches  a  maximum,  and  then  is 
decreased,  the  Increase  in  is  intensified.  With  the  approach  of 
nQ  to  zero  the  specific  fuel  consumption  approaches  infinity. 

% 

A  continuous  Increase  in  the  specific  fuel  consumption  with 
respect  to  flight  speed  does  not  at  all  indicate  the  continuous 
worsening  of  economy  of  the  TRD,  since  parameter  C is  not  a 
criterion  of  economy.  The  economy  of  the  TRD  is  made  worse  only  in 
that  range  of  flight  speeds  in  which  there  approaches  the  drop  in 
total  efficiency.  In  the  range  of  flight  speeds  from  zero  to  the 
"economic"  speed  (at  which  v).-no(raai))  the  economy  of  the  TRD  continuously 
Increases  (Fig.  12.7). 

What  is  the  physical  meaning  of  the  continuous  Increase  in 
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Fig.  12.7.  Change  in  specific  fuel 
consumption  with  respect  to  flight 
speed . 


It  is  that  the  work  of  every  kilogram  of  thrust  with  an  increase  in 
flight  speed 

£<»- 1>"  i  •  v 

continuously  increases.  Consequently,  the  expended  heat  energy 

proportional  to  the  expended  fuel  upon  the  receiving  of  this  kilogram 

of  thrust  must  increase;  in  other  words,  the  rp'icll’ic  fuel  consumption 

C  Increases, 
y-a 


12.1.8.  Effect  of  Parameters  of  the  Working  Process 
(Gas  Temperature  in  Front  of  the  Turbine  and 
Compression  Ratio  of  the  Compressor)  on 
Peculiarities  of  High-Speed 
Characteristics  of  the  TRD 

The  given  dependences  of  basic  parameters  of  the  TRD  on  flight 
speed  have  a  fundamental  nature.  However,  numerical  values  of 
specific  and  dimensionless  parameters  (#  ,  c yfl»  Hq),  which 

characterise  the  perfection  of  the  TRD,  and  magnitudes  of  flight 
speeds  at  which  the  thrust  of  the  TRD  becomes  zero  depend  on  the 
level  of  parameters  of  the  working  process  of  the  TRD  (2^  and 

12.1.8.1.  Effect  Of  <rj  -const) . 

Each  value  of  complex  o^tipijr/r,,  corresponds  to  the  entirely 
determined  limiting  magnitude  of  the  total  compression  ratio  of  the 
TRD  equal  to 

/  «r»1pne  V'5  .  • 

— T—J  =cons  t 
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nt  which  =  /  and  the  useful  work  Of  the  cycle  becomes  zero  (Ig  ■  0). 

Consequently,  with  an  Increase  In  the  compression  ratio  of  the 

compressor  Is  a  less  dynamic  compression  ratio  Is  necessary,  i.e., 

less  flight  speed  if  .  for  the  achievement  of  *»•«• 

max 


Thus,  with  an  Increase  In  .Tk'0the  specific,  and  therefore,  and 

total  thrust,  more  sharply  drop  with  respect  to  flight  speed,  reaching 

zero  at  less  values  of  If  „  (Pig.  12.8).  In  accordance  with  the 

max 

sharper  drop  in  /?  ,  there  is  a  faster  increase  with  respect  to 

flight  speed  in  the  magnitude  of  specific  fuel  consumption,  approaching 

infinity  at  less  values  of  if  The  test  bench  value  of  C  in  this 

max  yA 

case  seems  the  less,  the  higher  the  magnitude  .1^. 


Pig.  12.8.  Effect  of  calculated  values 
on  high-speed  characteristics  of  the 

TRD. 


Curves  of  passages  of  air  flow  also  depend  on  the  numerical 
value  n*0.  The  greater  .i*,  the  less  the  portion  of  dynamic  compression 
in  comparison  with  the  mechanical,  the  slower  the  rate  of  air  flow 
increases  with  respect  to  flight  speed  (see  Fig.  12.8). 


Thus,  larger  values  of  n’#  correspond  to  a  sharper  drop  in 
md  slower  increase  in  G*.  This  circumstance  causes  the  deformation 
of  curves  of  thrust  of  the  TRD  -  with  the  increase  in  .■»*,  "hump"  on 
high-speed  characteristics  gradually  disappears.  When  .i*e> (10—12) 
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and  at  usual  values  of  f’(<  1200°  K)  the  thrust  drops  continuously 
in  the  whole  range  of  speeds  of  flight  (see  Pig.  12.8). 

An  analysis  of  graphs,  given  in  Fig.  12.8  shows  that  the  use  on 
high  values  .-t*#  (>12—13)  sharply  improves  the  economy  of  the  THD  on  the 
test  stand  and  at  subsonic  flight  speeds.  Transition  to  reduced 
values  ^o,  (^-8)  makes  it  possible  to  improve  thrust  characteristics 
and  raise  the  economy  of  engines  at  supersonic  flight  speeds. 

12.1.8.2.  Effect  of  (jt*^  *=  const)  • 


With  an  increase  in  gas  temperature  in  front  of  the  turbine, 

the  effective  work  of  the  cycle  and  velocity  of  gas  consumption  from 

the  jet  nozzle  increase.  Consequently,  the  drop  in  specific  thrust 

with  respect  to  the  flight  speed  is  slowed  down  (Fig.  12.9). 

Ultimately  the  specific  and  total  thrusts  of  the  THD  become  zero  at 

larger  values  of  ir  and  Vov.  Correspondingly,  the  specific  fuel 

max  max 

consumption  reaches  infinity  also  at  larger  values  of  V.  However, 

ft 

with  an  increase  in  the  test  stand  value  C  continuously  Increase 

3  yfl 


Pig.  12.9.  Effect  of  calculated  values 

» 

T ^  on  high-speed  characteristics  of  the 
TRD. 


It 


is  characteristic  that  an  increase  in  T 


» 

3 


does  not  affect  the 
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i'-,  KaMty  of  the  change  in  air  flow  with  respect  to  flight  speed. 
However,  passage  of  the  characteristic  of  total  draught  becomes  more 
r  lvorab le . 


Finally,  it  is  possible  to  note  that  for  the  improvement  of  the 

'  ocnomy  of  work  of  the  TRD  on  the  test  stand  and  at  subsonic  flight 

# 

.peeas  one  should  use  comparatively  low  values  of  ( 1Q00-1200°K) . 

*  j 

At  supersonic  flight  speeds  an  increase  in  (1250-1300°K)  improves 
the  passage  of  the  thrust  characteristic  and  relatively  lowers  the 
specif!-’  fuex  consumption. 


Conclusion.  To  improve  the  economy  of  the  TRD  with  its  operation 

■a\  the  test  stand  and  at  subsonic  flight  speeds,  one  should  use 

.  * 

raised  values  of  .T0  and  moderate  significances  of  T ...  The  use  of 

nr.'1  values  of  .t*0  and  high  values  of  T ^  makes  it  possible  to 
'  :i. nrove  considerably  the  economy  of  the  TRD  and  passage  of  thrust 
characteristics  of  the  engine  at  high  supersonic  Mq  numbers. 


As  an  example  Fig.  12.10  gives  a  high-speed  characteristic  of 
the  TRD  Rolls-Royce  "Avon"  with  a  compresson  ratio  n*#  "io. 


Fig.  12.10.  High-speed  character¬ 
istic  of  the  TRD  Rolls-Royce 
"Avon. " 


The  data  are  given  below  on  the  economy  of  the  TRD  intended  for 
the  supersonic  passenger  aircraft  "Concord"  and  Boeing  B-2707. 


The  engine  Bristol  "Olympus"  593  at  =  2.2  and  H  -  11  km  has 
yfl  =  1.23  kg/(kgf*h)  and  -  0.437. 
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The  engine  General  Electric  GE4/J5  at  Mq  =  2.7  and  H  =  11  km 
has  =  1.5.  kg/(kgf*h)  and  nQ  =  0.^38. 


12.1.9.  Plotting  of  the  Line  of  Operating  Regimes 
of  the  TRD  for  the  Program  of  Control  k  =  const 

» 

and  =  const 


The  plotting  of  the  line  of  operating  regimes  of  the  TRD  (Fig. 

12.11)  on  the  characteristic  of  the  compressor  for  the  program  of 

# 

control  n  =  const  and  T ^  =  const  occurs  in  such  a  sequence: 

.  * 

1)  a  series  of  values  T is  assigned; 

,  # 

2)  for  each  value  of  T  the  reduced  number  of  revolutions 

H 


«np  ==« 


and  also  reduced  gas  temperature 


are  found; 


3)  dotted  on  the  characteristic  of  the  compressor  are  points  of 
the  intersection  of  curves  and  lines  Ta*m>)  ,  and  they  are  connect.,  i 

by  a  smooth  curve.  This  curve  is  the  sought  line  of  operating  regimes. 


Fig.  12.11.  Plotting  of  the 

* 

line  of  operating  regimes  f,  = 
=  const.  J 
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12.1.10.  Comparison  of  Lines  of  Operating  Regimes 
for  Two  Programs  of  Control:  1)  n  =  const, 

* 

T ^  ■  const  and  2)  n  ■  const,  =  const 


Plotted  on  the  characteristic  of  the  compressor  (Pig.  12.12), 
-onatructed  in  dimensionless  coordinates 


•■*«-/ k  (Ml. 

* 

is  the  line  T ^  =  const  and  n  ■  const;  its  position  does  not  depend 
■in  t"h-‘  numerical  value  of  the  compression  ratio  of  the  compressor  .- 
ines  *  const  and  n  *  const  are  also  plotted  there.  Their 


icsition  depends  on  value  n*0  — 

the  LRR . 


the  higher  .is0,  the  more  sloping  is 


Pig.  12.12.  Comparison  of  lines 
of  operating  regimes  with  two 
programs  of  control: 

J-n-com*  a-'d  7*  --coii*l; 

J-/l=con»t  a:  rj  /(-const 


Figure  12.12  illustrates  the  fact  that  with  transition  to  less 

values  of  m„p  (by  means  of  throttling  or  an  Increases  in  the  flight 
.  * 
speed)  various  cases  of  the  change  in  T ^  are  possible. 

12.1.11.  High-Speed  Characteristics  of  the  Turbojet 
Engine  with  Program  of  Control  at  Complete 
Similarity  of  the  Turbocompressor 

The  program  of  control  for  maximum  thrust  (/*=*/» mM=*  const); 
const)  with  its  use  over  a  wide  range  of  supersonic  Mq 
numbers  of  flight,  possesses  the  following  important  deficiencies. 
Actually,  with  a  decrease  in  the  reduced  numbers  of  revolutions  the 
regime  point  of  the  compressor  is  moved  along  the  LRR  (for  example, 
from  point  1  to  point  4  in  Fig.  12.13);  in  this  case  the  efficiency 
of  the  compressor  drops  and  its  productivity,  being  determined  by 


.0  • 
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magnitude  q(h),  is  lowered,  i.e.. 


arid 


<  Hull) 


q(h)i<q(h)i- 


Pig.  12.13.  Effect  of  speed  and 
altitude  of  flight  on  the  regime 
of  operation  of  the  turle- 
compressor. 


Tnus  at  the  calculated  supersonic  flight  speed  < A\0  —  MlM4>)  the 
flow  passage  sections  and  external  diameter  of  the  compressor  appear 
oversized  in  comparison  with  their  values  on  takeoff.  Consequently, 
at  the  basic  supersonic  operating  regime  (at  point  4)  the  compressor 
will  be  overloaded. 

Furthermore,  at  considerable  lowering  of  reduced  numbers  of 
revolutions  surging  can  appear.  For  the  prevention  of  it  in  flight, 
the  simplest  methods  of  control  of  the  compressor  can  prove  to  be 
Irrational.  For  example,  the  opening  of  the  bypass  valve  at  super¬ 
sonic  flight  speed  will  lead  to  a  considerable  ejection  of  compressed 

air  into  surrounding  medium,  as  a  result  of  which  n’  and  will 

* 

irop  and  will  increase.  All  this  will  lead  to  a  drop  in  thrust 
of  the  engine  and  a  sharp  worsening  of  its  economy. 

With  operation  of  the  TRD  at  great  supersonic  flight  speeds,  the 
program  of  control  -for  complete  similarity  of  turbocompressor1  can 
prove  to  be  expedient: 


'Progrsun  of  control  "Point." 
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fl„'=const;  7anP=const. 


The  essence  of  this  program  of  control  is  that  in  the  whole 
range  of  the  change  in  velocities  and  altitudes  of  flight ,  the  regime 
T  oDeration  of  the  turbocompressor  is  maintained  constant.  As  suiii 
a  regime  we  select  the  point  (for  example,  point  1)  on  the  character¬ 
istic  of  the  compressor  with  sufficiently  high  values  tj*  and  9(>i) 
and  the  necessary  surging  reserve. 

Tc.  maintain  this  regime  similar  in  all  velocities  and  altitudes 
. f  flight,  it  is  sufficient  when  /V  =  const  and  in  the  presence  of 
a  supercritical  drop  in  pressures  in  the  jet  nozzle  to  provide  fuel 
feed  according  to  the  law 

G,,np)  —  const,  or  G,  ~ . 

Thus,  conditions  of  operation  the  compressor  and  turbine 
according  to  the  program  of  control  "Point"  appear  stable  and  better. 

Now  let  us  examine  what  are  the  regularities  of  the  change  in 
thrust  and  specific  fuel  consumption  with  respect  to  the  considered 
program. 


With  a  decrease  in  the  number  of  flight  and,  consequently, 

«  u 

magnitude  T^,  the  physical  revolution  numbers  and  also  gas  temnera- 
uure  in  front  of  the  turbine  continuously  drop  (Pig.  12.14)  in 
accordance  with  the  property  of  similar  processes  on  which 


—'Ll— -const  and 

VK 


r, 

— const. 

T 

'  N 


The  compression  ratio  of  the  compressor  remains  constant,  whereas 

* 

with  the  program  of  control  n  «  const  and  T  =  const  magnitude  .i* 

«  H 

increases  with  a  decrease  in  fH.  Finally  with  a  decrease  in  the 
flight  speed  the  flow  of  air,  specific  thrust,  and  also  total  thrust 
f  TRD  sharply  drop.  The  specific  fuel  consumption  in  this  case 
can  increase. 
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Fig.  12.1^.  Change  Ln  numbers  of 

# 

revolutions,  air  flow  and  T.}  with 
two  different  programs  of  control. 


The  drop  in  total  thrust  of  the  ThD  (Fig.  12.1b)  can  prove  to 
be  so  considerable  ( 8 0 — 9 0 5S  and  more)  that  the  takeoff  thrust  w!!L 
1'  1  ns  u  ff  i  •: '  '\ut  for  flight  of  the  aircraft.  To  prevent  sn.ar;  a 

drop  in  thrust,  which  appears  greater,  the  more  the  maximum  MQ 

number  of  flight,  it  is  rational  to  use  combined  program  of  control 

*  , 

at  wiij.cn  at  small  values  of  i”  (takeoff,  climb,  flight  at  stbsoni 
speed)  the  program  nnp  =  const  and  Hop  =const*  and  at  high  values  of  T 
(flight  at  great  supersonic  speed)  the  program  n  -  const  and  T ^  = 

=  const  are  carried  out.  Point  2  in  Fig.  12.113  determines  the  Mq 
number  of  flight,  which  corresponds  to  the  switching  of  programs  of 
control . 


pi  n ir 


Fig.  12.1b.  Cnange  in  thrust 
and  specific  fuel  consumption 
with  three  different  programs 
of  control. 


*c  r; 


Thus,  according  to  the  compromise  (which  is  the  combined  program) 
program,  the  thrust  ahHhgta  according  to  a  certain  Intermediate  law 
5-2-1  (see  Fig.  12.15)  instead  of  3-2-1  (program  n  »  const  and  T ^  = 

*  const)  and  JJ-l  (program  "Point").  In  this  case  the  drop  in  thrust 
in  the  takeoff  regime  appears  permissible  and  conditions  of  operation 
jf  the  compressor  entirely  satisfactory. 

12.2.  Peculiarities  of  High-Speed  Characteristics 
of  Double-Shaft  TRD 


Let  us  examine  peculiarities  of  high-speed  characteristics  of 
double-shaft  TRD  at  two  different  programs  of  control:  1)  -const; 
/o=const  and  2)  *=  const;  /j=* const. 

First  of  all,  it  is  necessary  to  explain  how  the  following 
magnitudes  change  with  respect  to  flight  speed  of:  number  of 
revolutions  of  the  free  cascade  of  the  compressor  and  gas  temperature 
in  front  of  the  turbine. 

Figure  12.16  shows  a  diagram  of  a  double-shaft  TRD  with  symbols 
of  characteristic  sections  of  the  gas-air  channel.  We  will  assume 
that  at  aH  speeds  and  altitudes  of  flight  a  jet  nozzle  operates  at 
a  supercritical  drop  in  pressures  {?(>.$) «!]. 


1H A  IB  A  ZtSA  JBA  *54  5 


Fig.  12.16.  Diagram  of  double-shaft  TRD. 

12.2.1.  Program  n  =  const  and  fc  -  const 

With  an  increase  in  flight  speed  there  approaches  a  "loading" 
of  the  cascade  of  the  low-pressure  compressor  (angles  of  attack  on 
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blades  and,  as  consequence  increase,  in  compression  ratios  and  work 
of  the  ND  compressor  increase)  and  "lightening"  of  the  cascade  of  the 
high-pressure  compressor  (angles  of  attack  on  the  blades  are  decrease! 
and,  as  consequence,  significances  rtKBJ1  and  f KIU  are  lowered). 
Accordingly,  lines  of  operating  conditions  of  the  KND  and  KVD  are 
deformed,  deviating  from  the  direction  which  they  would  have  if  the 
TRD  consisted  only  of  an  ND  or  VD  turbocompressor  (excluded  would 
be  the  joint  effect  of  cascades  of  the  compressor). 

The  lowering  of  work  of  the  VD  compressor  when  nin  =^con$l  leads 

to  a  decrease  in  the  fuel  feed  into  the  combustion  chamber  and  to  a 

* 

reduction  in  2'^.  Actually,  from  the  balance  of  works  of  the  KVD 

/.KBA*"  ^TBA  ‘—11  87* jSTBA’iTBA 

wiu-!i  const  it  follows  that 

^•KUA  T*3, 

* 

A  decrease  In  f,,  in  turn,  leads  to  a  proportional  lowering  of 
the  gas  temperature  in  front  of  the  ND  turbine  T*o.v  Since  the  ND 
compressor  with  an  increase  in  V  is  "loaded,"  then  the  resulting 
unbalance  of  works 

£ kiia^kba^’^’Tha/^'Tba  = const  [see  equation  ( 1 ; .  .  i )  j 

Is  removed  only  by  means  of  lowering  the  numbers  of  revolutions  of 
the  ND  cascade.  Finally,  w ' ’  m  Increase  In  flight  velocity,  the 
number  of  revolutions  d'  in  ND  compressor  and  gas  temperature  in 
front  of  turbine  decrease. 

Regime  points  of  KND  and  KVD  are  moved  along  lines  of  working 
processes  in  direction  of  reduced  given  numbers  of  revolutions. 

12.2.2.  Program  n  =  const  and  fr  =  const 

With  an  increase  in  flight  speed,  just  as  in  the  preceding 
case,  the  "loading"  of  the  cascade  of  the  ND  compressor  anu  "lightening" 
of  the  cascade  of  the  VD  compressor  approach. 
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An  increase  in  the  work  of  the  ND  compressor  when  n  *  const 

W(Q 

leads  to  an  increase  in  the  fuel  feed  into  the  combustion  chamber  and, 

* 

consequently,  to  an  increase  in  T ^  and  r4M. 

The  "lightening"  of  the  VD  compressor  with  a  simultaneous 
increase  in  T ^  leads  to  an  unbalance  of  works  on  VD  and  ND  the  turbo¬ 
compressor,  i.e., 

^KBa/^KH  a  <  tbj  /  ^tiu  ~  const. 

The  latter  is  overcome  by  means  of  acceleration  of  the  VD  rotor. 
Finally,  with  an  increase  in  the  flight  speed,  the  revolution  number 
of  the  VD  compressor  increases,  and  the  gas  temperature  in  front  of 
the  turbine  increases. 

In  conclusion  let  us  note  that  the  change  in  V  and  H  with  the 

« 

frogram  of  control  T ^  •  const  and  *  const  leads  to  spinup  one  of 
rotors  and  to  deceleration  of  the  other. 


CHAPTER 
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ALTITUDE  CHARACTERISTICS  OP  TURBOJET  ENGINES 

L'c  fi  ki  tio  n .  Altitude  eharaa  teria  bias ,  or  char ue t  e riot  i  as  <  ,'i-th 
reaped  to  altitude  of  flight  of  turbojet  engines,  are  called 
dependences  of  thrust  and  specific  fuel  consumption  on  flight  altitu 
with  an  assigned  program  of  control  of  the  engine.  Ail  Hade 
characteristics,  similar  to  high-speed,  are  frequently  supplemented 
by  curves  of  the  change  with  respect  to  altitude  of  flight  of  gas 
temperature  in  front  of  the  turbine,  fuel  consumption  per  hours,  and 
also  other  parameters  important  in  operation. 


Programs  of  control  of  the  TKD  with  respect  to  altitude 
characteristic . 


With  an  increase  in  height  the  same  programs  of  control  of  the 
engine  as  with  respect  to  flight  speed  are  used.  We  will  limit 
ourselves  here  to  a  detailed  examination  of  altitude  characteristics 
of  a  single-shaft  TRD  constructed  for  the  program  of  control  at 
maximum  thrust. 

1 3 •  .1  .  Altitude  Characteristics  of  Single-Shaft 
Turbojet  Engines  Without  Afterburners 

Let  us  examine  altitude  characteristics  of  single-shaft  TRD 
without  afterburners  plotted  as  a  result  of  approximate  thermal  and 
gas-dynamic  calculations  of  the  engine  with  a  program  of  control  for 
maximum  thrust. 
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Let  us  take  as  basic  conditions  of  the  construction  of  altitude 


characteristics  the  following: 

1)  constant  flight  speed 

V-  const; 

2)  constant  number  of  revolutions 

n const; 

3)  constant  gas  temperature  in  front  of  the  turbine 

const. 


Assumptions  usually  taken  in  approximate  calculations  of  altitude - 
high-speed  characteristics,  as  before,  are: 

1)  constancy  of  wo  k  of  the  compressor  at  a  fixed  number  of 
revolutions  of  it; 

2)  constancy  of  efficiency  and  coefficients  of  losses  in  elements 
of  the  TRD; 

3)  tocal  expansion  of  gas  in  the  reactive  nozzle  of  the  TRD. 

The  assumption  on  constancy  of  the  efficiency  of  the  compressor 
and  turbine  at  high  altitudes  ( H  >  15  km)  is  quite  approximate.  It 
is  known  that  at  high  altitudes  fall  numbers  of  Reynolds  referred  ti¬ 
the  chord  of  the  blade  -  characteristic  linear  dimension  of  the 
compressor  and  turbine  cascades.  As  a  result  of  this,  with  a  TRD 
of  small  dimensions  there  can  be  a  drop  in  efficiency  of  the  indicated 
elements . 

The  assumption  on  the  invariability  of  the  efficiency  of 
combustion  with  lifting  of  the  engine  in  altitude  also  appears 
approximate.  At  very  great  heights  the  pressure  drop  in  the  fuel 
system  and  in  combustion  chambers  leads  to  a  sharp  worsening  of 
carburetion  and  to  a  drop  in  mechanical  completeness  of  the  fuel 
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combustion.  To  maintain  the  high  completeness  of  combustion,  the  use 
of  special  evaporative  combustion  chambers,  multichannel)  sprayer  of 
i'u*-l,  etc.  is  necessary. 

13.1.1.  Effect  of  Plight  Altitude  on  Compression 
Ratio  of  the  Turbojet  Engine 


With  an  increase  in  altitude  up  to  the  isothermal  limit  ( H  =  11  km) 
the  external  temperature  T  ;  is  continuously  lowered;  consequently 

H 

there  is  also  a  drop  in  stagnation  air  temperature  at  the  entrance 
into  the  compressor  equal  to 


ra 


+ 


Vi 

IgCpIA  ’ 


The  indicated  circumstance  leads,  on  one  hand,  to  an  increase 
I ri  the  M. 1  number*  of  flight  and  to  an  increase  in  the  dynamic 
compression  ratio 

*AHi+o,2Mys,;, 

where 

and,  on  the  other  hand,  to  an  increase  in  the  compression  ratio  of  the 
compressor.  Actually,  from  an  examination  01  equality 

Lk  -- 102,57' h  Uk  —  1  /  -r  ~  const 

it  is  easy  to  conclude  that  with  a  reduction  in  T magnitude  n* 
increases . 


Thus,  the  total  compression  ratio 

.a— rrAn* 

also  iticreases  (Pig.  13.1). 

An  increase  in  the  total  compression  ratio  proves  to  be  more 
considerable,  the  greater  the  absolute  value  of  compression  ratio 
of  the  compressor  •<o>  and  the  less  the  flight  speed  (Fig.  13.2). 


‘Since  the  speed  of  sound  is  decreased. 
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Pig.  13.1.  Effect  of  flight  altitude  on 
the  compression  ratio  of  the  TRD. 

Pig.  13.2.  Effect  of  computed  value  «*0 

on. the  change  in  total  compression  ratio 
with  the  increase  in  altitude. 


13.1.2.  Change  in  Air  Plow 


Let  us  now  examine  how  the  mass  flow  rate  of  air  throught  the 
TRD  changes  with  an  increase  in  altitude  (Pig.  13. 3). 


Pig.  13.3.  Effect  of  flight 
altitude  on  specific  thrust, 
total  thrust  and  mass  flow 
rate  of  air  through  the  TRD. 


Prom  the  expression  of  the  flow  of  air,  recorded  for  the  nozzle 
box  assembly  of  the  turbine, 

Qmamm  -p*gr  /«•$(**.•*• 

it  follows  that 


(13.1) 
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Thus,  rate  of  airflow  through  the  engine  with  an  increase  in 
altitude  is  decreased;  however  it  is  decreased  more  slowly  than  the 
external  pressure  drops.  The  factor  delaying  the  fall  in  u ^  proves 
to  be  the  increase  in  the  total  compression  ratio,  wn.i  cii  is  condit  ioueu 
by  the  lowering  o'  the  temperature  of  the  external  atmosphere  up  to 
altitude  //  =  11  km.  At  the  altitude  H  =  11  km  the  relative  pressure 
is 

^Z»l"rJl™L-rot223. 

Pqin- o> 

For  jt*0  =  10;  M0=0,9;  // =  1 1  km  and  =  const,  we  find  the  relative 
compression  ratio  *=1,57. 

Then 

G, « ~pH it = 0, 223  •  1 , 57  %  0,35, 

i.e.,  with  a  quintuple  drop  in  external  pressure  the  flow  of  air  is 
decreased  three  times. 

13.1.3.  Change  in  Specific  Thrust. 

At  constant  flight  speed  the  change  in  specific  thrust  (see 
Fig.  13.3)  depends  only  on  the  velocity  of  outflow  of  gas  from  the 
nozzle . 

<1 

it  is  easy  to  conclude  that  when  T ^  -  const  and  /,„  =  const  the 
velocity  of  outflow  of  the  gas  depends  only  on  the  drop  in  pressures 
in  the  jet  nozzle,  i.e., 

*(.CI 

where 

FT : 

<",.«)  * 

al.—  — (noting  that const). 

r 

Since  the  compression  ratio  increases  with  an  increase  in 
altitude  up  to  the  isothermal  limit,  then  the  velocity  of  outflow  from 
the  nozzle  of  the  engine  and,  consequently,  specific  thrust  increases. 
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An  increase  in  specific  thrust  proves  to  be  more  intensive,  the 
higher  the  ground  compression  ratio  of  the  compressor  n*0,  the  lower 
the  gas  temperature  in  front  of  the  turbine  T ^  and  the  greater  the 
flight  speed. 

Thus,  with  an  increase  in  altitude  up  to  H  »  11  km  the  specific 

n 

thrust  increases  in  the  considered  range  of  values  a*.,  and  T _  by 
i.0-50*.  '  3 

13.1.4.  Change  in  Total  Thrust. 

The  change  in  total  thrust  with  an  increase  in  height  is 
determined  by  a  change  in  its  components,  i.e., 

The  basic  factor  determining  the  change  in  thrust  with  respect 
to  the  altitude  of  flight  is  the  drop  in  flow  of  air,  conditioned  by 
the  continuous  decrease  in  the  external  pressure.1  However,  the 
thrust  drop  occurs  more  slowly  than  the  lowering  of  G  .  It  delays 

C 

the  increase  in  specific  thrust  (see  Pig.  13.3).  With  the  quintuple 
drop  in  external  pressure,  the  air  flow  is  decreased  approximately 
three  times,  and  the  thrust  of  the  TRD  -  no  more  than  two  times. 

Thrust  decay  is  intensified  with  an  increase  in  flight  speed, 

* 

with  the  lowering  of  .i’0  and  with  a  decrease  in  Ty 

13-1. 5-  Change  in  Thrust  of  the  Turbojet 
Engine  at  Altitudes  H  >  11  km. 

On  altitudes  greater  than  11  km,  the  external  temperature 
maintains  a  fixed  value  fH  ■  2l6.5°K  up  to  altitude  H  »  25-30  km. 

At  these  altitudes  (in  the  whole  isothermal  region)  we  have  x  ■  const. 
Consequently,  the  specific  thrust  is  also  constant;  the  drop  in  air 
flow  and  total  thrust  of  the  engine  is  rapid;  now  it  occurs  in  an 
accuracy  proportional  to  the  atmospheric  pressure,  i.e., 

GnH>i\tM)mmRamP+  , 

l0r  density  of  the  atmosphere. 
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13.1.6.  Change  in  Efficiency  of  the  Turbojet  Engine 
13.1.6.1.  Effective  Efficiency  (n»)  . 

With  an  increase  in  altitude  the  velocity  of  outflow  from  the 
nozzle  and,  consequently,  kinetic  energy  of  1  kg  of  gas  at  the  exit 
from  the  engine  increases.  On  the  other  hand,  the  quantity  of  heat 
fed  with  the  fuel  to  1  kg  of  gas  into  the  combustion  chamber  increases 
(since  the  interval  of  preheating  A7'*c-7’’—  fj)  increases.  Since 
increases  faster  than  ?im,  the  effective  efficiency  of  the  TRD  with 
an  increase  in  altitude  increases  (Fig.  13.  *0. 


Fig.  13.il.  Effect  of  flight 
altitude  on  the  efficiency 
and  specific  flow  of  fuel 
of  the  TRD. 


0 


An  increase  in  i|,  with  respect  to  altitude  can  also  be  explained 
by  a  simultaneous  increase  in  the  total  compression  ratio  n  and 

*  T'» 

degree  of  preheating  0s*—-  of  the  working  medium  during  the  cycle 

*  N 


(see  Figs.  9.13  and  9. 11!). 


13.1.6.2.  Thrust  Efficiency  . 


A  velocity  increase  in  outflow  from  the  reactive  nozzle  with 
fixed  flight  speed  leads  to  an  increase  in  losses  with  exhaust 
velocity  and  to  a  drop  in  thrust  efficiency 


TV 

V+€t 


with  an  increase  in  height.  The  nearer  the  magnitude  «)N  to  unity, 
the  less  considerable  the  effect  of  the  increase  in  c*. 
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13.1.6.3.  Total  Efficiency  (n«) 


The  change  in  total  efficiency  depends  on  the  change  in  partial 
efficiency  -  its  factors: 


no=n«nn- 


Calculations  show  that  at  high  values  of  n*  the  determining 
factor  la  an  increase  in  effective  efficiency.  Thus,  with  an 
increase  in  height  the  total  efficiency  of  the  TRD  increases.  This 
fact  characterizes  the  improvement  of  economy  of  the  engine  with  an 
1  n  ■  vo  '.toe  in  flight  altitude. 


13.1.7.  Specific  Fuel  Consumption 


Since  at  a  fixed  flight  speed  the  specific  fuel  consumption  is 
Inversely  proportional  to  the  total  efficiency,  i.e., 


Cy,=8,43 


h„  no 


_i_ 

no 


then  with  an  increase  in  altitude  up  to  H  *  11  km,  magnitude 
is  continuously  decreased  (see  Fig.  13.  *0  • 


ri.j  _ner  ascent  in  altitude  (when  H  >  11  km)  does  not  have  an 
effect  on  magnitude  An  exception  is  those  cases  when  there  is 

worsening  of  combustion  efficiency,  as  a  result  of  which  will 
increase,  since 


fi  k.-r 


Fig.  13.5.  Altitude  characteristic 
of  the  TRD  Rolls-Royce  "Avon." 


Figure  13*5.  gives  the  altitude 
characteristic  of  the  TRD  Rolls- 
Royce  "Avon." 
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PART  POUR 

TURBOJET  ENGINES  WITH  AFTERBURNERS.  RAMJET  ENGINES 
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CHAPTER 


14 


METHODS  OF  THRUST  AUGMENTATION 
14.1.  Concept  of  Thrust  Augmentation 

Thrust  augmentation  is  called  a  short-term  Increase  in  the 
';nrust  of  the  engine.  Thrust  augmentation  is  used  on  takeoff  -  for 
the  reduction  of  takeoff  distance  in  climbing  and  during  the 
transition  through  the  speed  of  sound  -  for  the  fastest  exit  of  the 
aircraft  at  the  calculated  regime  of  flight,  at  maximum  speed  in 
combat  conditions  —  in  pursuit  of  the  enemy  or  withdrawal  from  him, 
and  in  the  cruising  regime  of  flight  with  the  failure  of  one  of  the 
engines  —  for  the  compensation  of  thrust  losses  of  the  power  plant  of 
the  aircraft  as  a  whole. 

Forcing  is  also  used  for  the  compensation  of  thrust  (power) 
decay  of  a  gas-turbine  engine  in  unfavorable  atmospheric  conditions  -- 
high  temperature  and  low  pressure  of  the  external  medium. 

14.2  Methods  of  Thrust  Augmentation  of 
Gas-Turbine  Engines  " 

There  are  many  different  methods  of  thrust  augmentation.  These 

are : 


1)  forcing  of  the  TRD  with  respect  to  number  of  revolutions; 

2)  forcing  of  the  TRD  with  respect  to  gas  temperature  in  front 
of  turbine; 
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3)  injection  of  water  or  special  liquids  into  the  compressor; 


4)  injection  of  water  or  special  liquids  into  4»>.  r.T.mb ust  1  on 
chamber; 

5)  bleed  of  air  from  the  compressor  into  a  special  boost 
circuit  in  combination  with  water  injection  into  the  combustion 
chamber; 

6)  additional  combustion  of  fuel  behind  the  turbine  in  the 
afterburner. 


Let  us  examine  the  essence  and  also  the  comparative  merits  and 
deficiencies  of  these  methods. 

14.2.1.  Forcing  of  the  Turbojet  Engine  with 
Respect  to  the  Number  of  Revolutions 

The  forcing  of  the  TRD  with  reepeat  to  the  number  of  revolutions 
makes  it  possible  briefly  to  increase  the  thrust  of  the  engine  by 
15-20?  and  more.  For  this  purpose  in  a  number  of  engines  there  is 
provided  the  introduction  of  a  special,  extreme  (emergency),  regime, 
the  operation  of  which  is  permissible  in  exceptional  cases  for  2-3 
minutes . 

One  must  keep  in  mind  that  the  forcing  with  such  method  leads 
to  an  increase  in  basic  breaking  stresses  in  the  turbine  blades 
proportional  to  the  square  of  the  number  of  revolutions  and  in  the 
same  degree  increases  the  gas  temperature  in  front  of  the  turbine; 
this  substantially  lowers  the  strength  of  the  basic  strained  element 
of  the  hot  part  of  the  engine  -  rotor  blade  of  the  turbine. 

In  a  number  of  cases  in  instructions  on  operation  there  is 
provided  heat  removal  of  the  engine,  which  operated  in  the  extreme 
regime. 


14.2. 2.  Forcing  of  the  Turbine  on  Qas  Temperature  in 
Front  of  the  Turbine 

The  possibility  of  forcing  TRD  with  reepect  to  gas  temperature 
in  front  of  the  turbine  (when  n  *  const)  for  the  reason  mentioned 
above  is  also  rather  limited,  and,  furthermore,  at  such  a  method  of 
forcing  the  introduction  of  an  adjustable  jet  nozzle  is  necessary. 

A  short-term  increase  in  the  temperature  T*  of  1056 ,  depending 
on  peculiarities  of  the  characteristic  of  the  compressor,  can 
Increase  the  thrust  of  the  TRD  5-86. 

14.2.3.  Injection  of  Easily  Vaporizing 
Liquids  into  the  Compressor 

The  simplest  method  of  considerable  thrust  augmentation  of  the 
TKD  is  water  injection  at  the  entrance  into  the  compressor  (Fig. 
14.1) . 


Fig.  14.1.  TRD  diagram  with 
water  injection  at  the 
entrance  into  the  compres¬ 
sor. 


The  physical  essence  of  thrust  augmentation  by  this  method 
consists  in  the  following:  as  a  result  of  intensive  heating  in 
compressed  hot  air  the  water  being  injected  evaporates;  for  the 
transformation  of  1  kg  of  water  having  a  temperature  of  t  «  100°C 
into  water  vapor  with  the  same  temperature  heat  equal  to  539  kcal/kg 
is  expended  (so-called  latent  heat  of  vaporization).  Under  the 
action  of  intensive  heat  removal  there  is  either  a  decrease  in 
temperature  of  air  entering  in  the  compressor  (if  evaporation  of 
the  water  is  accomplished  mainly  in  front  of  the  entrance  into 
compressor)  or  the  approach  of  the  polytropic  process  of  compression 
toward  the  isothermal  (if  the  process  of  water  injection  and 
evaporations  is  accomplished  along  the  whole  air  channel  of  the 
compressor) . 
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As  a  result,  with  invariable  work  for  driving  the  compressor, 
being  determined  by  the  number  of  its  revolutions,  trie  compression 
ratio  7T*  of  the  compressor  increases  (Fig.  14.2),  and,  consequently, 
the  gas  pressure  along  the  whole  gas-air  channel  of  the  TRD  increase 
This  leads  to  a  velocity  increase  in  expiration  from  the  nozzle,  and 
consequently,  specific  thrust  of  the  engine.  Since  the  gas  constant 
of  water  vapor  is  much  greater  than  that  in  usual  combustion 


products  (^h.o =  -—17,2  ggfggg) ,  then  this  also  i 


nc  reas’. 


the 


specific  thrust. 


Fig.  14.2.  Effect  of  water  injec¬ 
tion  into  the  compressor  on  its 
compression  ratio:  a)  evaporation 
occurs  at  the  entrance  into  the 
compressor;  b)  evaporation  occurs 
along  the  air  channel. 


One  must  also  take  into  account  the  considerable  Increase  in 
the  mass  of  outflowing  gas  because  of  the  increase  in  the  air  mass 
and  addition  of  mass  of  water  being  injected.  All  this  increases 
thrust  of  the  TRD. 

In  practice  the  method  of  water  injection  has  the  following 
essential  deficiencies. 

1.  As  a  result  the  small  time  of  stay  of  the  water  in  the 
gas-turbine  channel  of  the  engine  (about  1/100  s),  it  does  not 
evaporate.  Thus,  for  instance,  in  a  centrifugal  compressor  it 
evaporates  under  standard  atmospheric  conditions,  at  the  best,  not 
more  than  1/2,  and  in  the  axial  compressor  -  not  more  than  1/3  of  the 
water  being  injected,  the  relative  quantity  of  which  does  not  exceed 
2-5%,  i.e.. 


'iniH 


JVuh  =  0,02 0,03. 

"mijfsi 
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2.  In  standard  test  bench  conditions  only  a  very  small  quantity 
of  wafer  evaporates  at  the  entrance  into  the  compressor  (ft,,,,.,,., -'0,25%). 

In  the  exhaust  section  of  the  compressor  about  5%  of  the  water  can 

be  evaporated. 

3.  The  effect  of  even  well  atomized  particles  of  water  on 
blades  of  the  compressor  leads  to  erosion  of  the  blade.  Steel  blades 
are  considerably  less  subjected  to  this  form  of  mechanical  effect. 

Ji .  Finally,  in  certain  cases  there  appears  the  danger  of 
jamming  of  rotor  blades  of  the  compressor  in  housing  of  the  compressor 
cooled  from  the  peripheral  flow  of  water. 


With  an  increase  in  the  temperature  of  the  surrounding  medium 
(operation  of  the  TRD  in  tropical  conditions),  and  also  with  an 
Increase  in  flight  speed,  the  beneficial  effect  of  water  injection 
on  thrust  increases.  It  is  equivalent  to  the  result  obtained  with 
an  increase  in  the  reduced  revolutions  of  the  engine. 


One  should  keep  in  mind  that  water  injection  into  the  compressor 
leads  to  a  lowering  of  gas  temperature  in  front  of  the  turbine 
(,  x  low  of  gas  through  the  turbine  increases  faster  than  the  rate  of 
air  flow  through  the  compressor),  as  a  result  of  which  the  thrust  of 
the  TRD  (or  power  of  the  turboprop  engine)  can  decrease.  To  maintain 
T*  *  const,  it  is  necessary  with  water  injection  to  cover  the  jet 
nozzle  of  the  TRD  or  "load"  propeller  of  the  turboprop  engine, 

(i.e.,  increase  the  angle  of  incidence  of  blades  of  the  propeller  <J>). 
In  order  to  avoid  the  need  to  install  additional  regulating  and  fuel- 
feed  equipment  (which  complicates  the  construction  and  operation  of 
the  engine  and  increases  its  weight),  it  is  expedient  to  inject  into 
the  compressor  not  pure  water  but,  for  example,  water-alcohol  (water- 
metanoic)  mixture  in  a  ratio  of  ■ 


At  equal  realtive  quantities  of  injected  liquid,  the  water- 
metanoic  mixture  provides  less  increase  in  thrust  than  does  pure 
water  (when  £#oau  =  0,03  and  /1I=+53°C  ,  respectively,  we  have  /?«_„=•  1.20 
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and  If  it  o==  1.25).  However,  operational  properties  of  the  water-net  ancle 
mixture  are  more  favorable  as  a  result  of  the  low  temperature  of 
freon  Inf. 


Experimental  invest  if ations  of  water  injection  in  compressors 
of  aircraft  fas  turbines,  conducted  abroad  and  in  the  t'ffh,  showed 
that  when  r71„,,u~0,03  and  3,0  (i.e.,  with  a  triple  increase  in  fuel 

and  liquid  consumption)  the  increase  in  thrust  is  from  S  to  fVT . 

Less  values  of  the  increase  In  thrust  refer  to  the  ducted-fir.  Jot 
enfine,  and  maximum  values  -  to  the  turboprop  enfine.  With  a  quin¬ 
tuple  increase  in  fuel  and  water  consumption  the  Increase  in  thrust 
ir.  a  TK?  and  TYD  can  be  30-^Rf  and  more  (dependin  '  on  mafnitude  ?*). 

At  present  water  injection  is  successfully  used  In  a  numl  er  of 
serial  engines:  7!\T  Pratt-Whit n«*y  JTuA-11,  ducted-fan  J^t  --r.rine 
Rolls-Royce  "Spey,"  turboprop  enfine  Rolls-Royce  "Tyne”  and  th». 

A .  — ..  u  • 

14.J.4.  Injection  Easily  Evaporated  Liquids  in  the 
Combustion  Chamber  of  the  Turbojet  Enfine 

Ts  intensify  the  evaporation,  it  is  expedient  t r  inject  a  water 
cr  water-met anoic  mixture  directly  into  the  eenbuetien  chewier  of 


Fif.  14.3,  ! lafram  of  a 
THP  with  water  inject! or. 
into  the  cord  nst I o? 

chamber. 


Ts.e  physical  essence  of  the  increase  in  thrust  with  the 
injection  of  easily  evaporating  liquid  into  the  comiuotion  chamber 
consists  in  the  increase  in  the  exhaust  pulse  of  fanes  with  a 
: im.;lt aneous  decrease  in  the  entrance  pulse  of  t  v  air. 

Actually,  water  Injection  into  the  combustion  chamber  with  a 
"oncxei"  r.cccle  box  assembly  of  the  turbine  produces  a  throttling 
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action  on  the  operation  of  the  compressor.  The  regime  point  of  th* 
compressor  is  displaced  In  the  direction  of  a  decrease  In  the  air 
flow  nearer  to  the  limit  of  surging.  In  this  case,  depending  on 
peculiarities  of  the  characteristic  of  the  compressor.  Its  compression 
ratio  somewhat  increases. 

The  exhaust  pulse  Increases  as  a  result  of  an  Increase  in  the 
total  mass  of  outflowing  gas,  and  also  as  a  result  of  an  Increase 
in  the  gas  •  constant.  The  quantity  of  liquid  Injected  into  the  com- 
i  tt:  ‘Jen  chamber  is  Halted  by  the  allowable  reserve  of  the  compressor 
with  respect  to  surging.  The  conducted  Investigations  3how  that  for 
a  TRD  with  an  axial-flow  compressor  with  optimum  water  feed  into 
the  combustion  chamber  equal  to  OmJOmm-0,16,  flow  of  the  air 
through  the  compressor  is  lowered  5f,  and  the  gas  flow  through  the 
turbine  Increases  10X;  *H  Increases  from  4.0  to  4.65;  the  magnitude 
of  thrust  of  the  TRD  In  this  oase  reaches  35X. 

If  we  take  Into  account  the  practically  total  evaporation  of  the 
entire  water  being  injected  into  the  combustion  chamber,  then  it 
turns  out  that  In  this  case  the  relative  flow  of  water  at  an  equal 
.'ner.T.'.c  in  thrust  la  little  distinguished  from  the  corresponding 
l low  in  the  case  of  water  Injection  at  the  entrance  Into  the 
compressor.  However,  with  the  usual  small  reserves  with  respect  to 
surging  of  the  compressor  an  Increase  in  thrust  of  the  TRD  of  mere* 
than  15-20X  is  hardly  possible. 

14.2.5.  Injection  of  Easily  Evaporating 
Liquids  into  the  Combustion  Chamber 
in  Combination  with  the 
Overflow  of  air  from 
the  Compressor 

The  degree  of  forcing  of  the  TRD  can  be  considerably  increased 
if  the  injection  of  water  into  the  combustion  chamber  is  combined 
with  the  overflow  of  air  from  the  compressor  in  a  special  high- 
temperature  afterburner  equipped  with  a  Jet  nozzle  (Pig.  14.4).  It 
Js  obvious  that  In  this  case  the  afterburner  of  part  of  the  air  from 
the  compressor  compensates  the  additional  feed  of  liquid  into  the 
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comb ur.tion  chamber,  eliminating  the  danger  of  the  appearance  of 
surging.  Compressed  air,  being  tapped  into  a  special  afterburner, 
is  used  for  the  additional  fuel  eort  action,  as  .1  all  r  wbl  -h  wi  . 
the  outflow  of  gases  from  the  nozzle  considerable  additional  thrust 
is  ^rented.  To  turn  off  the  boost  circuit  in  usual  regimes,  cf 
oper  ation  a  special  bypas,s  valve  is  used. 

Fig.  1*1. *1.  Diagram  of  the 
TRD  with  water  injection 
into  the  combustion  chamber 
and  bleed  of  air  from  the 
compressor  into  the  boost 
circuit . 

One  must  keep  in  mind  that  the  boost  circuit  substantially 
( l'i-COX)  Increases  the  weight  of  the  power  plant  an  1  alse  ir,s 

external  drag. 

1*1. .’.o.  Additionaa  Fuel  Combustiun  i  <.naiil  the 
Turbine  in  the  Afterburner 

The  physical  essence  of  thrust  augmentation  with  additional 
fuel  combustion  behind  the  turbine  (Fig.  1*1.5)  consists  In  the 
increase  in  velocity  of  gas  outflow  from  the  Jet  nozzle,  which  will 
be  greater,  the  higher  the  gas  temperature  at  the  exit  from  the 
afterburner. 

Since  in  the  turbine  part  of  the  engine  mobile  elements,1  are 
absent,  then  the  gas  temperature  in  this  part  of  the  TFH),  as,  a  resu1 
of  afterburning,  can  be  brought  up  to  a  very  high  level;  the  latter 
is  determined  by  complete  use  of  an  oxidizer,  which  is  contained  in 
combustion  products  entering  from  the  turbine.  The  maximum  valve 
of  this  temperature  can  reach  2000°K  and  more. 

To  maintain  the  constant  regime  of  operatio. .  of  the  turbocom¬ 
pressor  with  the  switching  on  and  off  of  the  afterburner,  the  engine 

‘With  the  exception  of  adjustable  fold  of  the  nozzle. 


in u 3 L  be  provided  with  a  jet  nozzle  with  an  adjustable  critical 

section. 


The  high  values  of  the  temperature  of  forcing  predetermines  the 
high  degree  of  forcing,  which  in  comparison  with  other  methods  of 
the  Increase  in  thrust  with  equal  relative  fuel  consumption  or 
liquid  flow,  proves  to  be  the  greatest.  Actually,  the  double  increasi 
in  temperatures  of  outflowing  gases  increases  the  test  bench  thrust; 
of  the  TRD  by  approximately  40?  and  even  more  in  flight. 

The  great  experience  in  the  creation  of  afterourners  of  the  TRD 
shows  that  with  an  increase  in  thrust  of  the  TRD  of  40-50?  the 
specific  weight  of  the  engine,  due  to  an  increase  in  weight  of  the 
construction,  is  reduced  only  10-20?. 


Fig.  14.5.  Diagram  of  a  TRD 
with  an  afterburner. 


14.3.  Comparison  of  Various  Methods  of  Forcing 

The  considerable  increase  in  thrust  with  a  simultaneous  decrease 
in  specific  weight  and  specific  frontal  surface  of  the  engine 
predetermined  the  preferential  and  very  wide  distribution  of  the 
method  of  forcing  of  thrust  by  means  of  afterburning  of  fuel  behind 
the  turbine. 

Water  injection  at  the  entrance  into  the  compressor  has  received 
considerable  development  in  turboprop  engines,  whose  use  of  after¬ 
burners  is  not  effective. 

Figure  14.6a  and  b  gives  dependences  of  the  degree  of  increase 
in  thrust  on  the  relative  flow  of  additional  liquid  or  fuel  for 
various  methods  of  thrust  augmentation  of  the  TRD,  respectively, 
on  the  stand  (W-0;  Mo-0)  and  in  flight  '■(//— 11  and  MQ  =  1.5). 


331 


b) 


Fir;.  1^.6.  Comparison  of 
effectiveness  of  various 
mot- he  in  of  forcing  of  thrust 
of  the  "'HI.' :  ’)  ri  u  st 

stand  //=();!■;  =  ) :  I  ) 

in  flight  (a  =  11  kr.; 

=  l.r>).  1  —  afterburning 

of  fuel  behind  th<  turiine; 

P  -  injection  of  water  at 
the  entrance  into  tin?  com¬ 
pressor;  j  -  rocket  boosters; 

-  air  overflow;  ‘>  -  water 
injection  into  the  combust  ion 
chamber. 


CHATTER  lr' 

TURBOJET  ENGINES  WITH  AFTERBURNERS  (TRPF1 

the  first  stage  of  development  of  turbojet  engines,  tin 
forcing  of  the  TRB  by  means  of  the  additional  combustion  of  fuel 
' nd  the  turbine  was  used  as  a  means  of  a  short-term  increase  la 
: 1  rust  . 


At  present  for  many  TRr  the  forcing  regime  is  the  baste  proecee 
of  operation  of  the  engine.  It  is  used  as  a  prolonged  or  even 
constant  means  of  increasing  the  specific  and  total  thrust  a'or  the 
purpose  of  increasing  the  maximum  flight  speed)  and  lowering  the 

.  "••Clf'.O  weight. 

Such  a  TRl'F  should  be  examined  as  special  type  of  engine 
}  cs.  es? ir.g  important  distinctions  from  the  TRr  with  respect  to  It.- 
t.ermc dynamic  properties  and  operational  characteristics. 

l*.i.  Peculiarity  of  the  Vorking  Trocess  rf  the 
turbojet  Engine  with  Afterburner 

Figure  1^.1  shows  a  schematic  diagram  of  a  turbojet  engine  with 
an  afterburner  (7R?F);  it  is  distinguished  from  the  scheme  of  the 
standard  TRr  by  a  hot  turbine  part,  which  consists  of  a: 

a>  diffuser; 

b>  afterburner; 

c'  adjustable  Jet  nozzle. 
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The  diffuser  Is  Intended  for  decreasing  the  M  number  of  the 
flow  of  gas  entering  into  combustion  chamber.  The  1-  ;v.  th»-  X  nun!  er 
of  flow,  the  less  the  hydraulic  and  thermal  losses  of  total  pressure 
In  uie  afterburner  and  the  higher  the  maximum  possible  derive  of 
heating  of  the  gas.  Furthermore ,  the  less  the  X  numb--:-  of  1'low,  iia 
easier  It  Is  to  provide  a  steady  and  complete  combustion  of  fuel  in 
tli'-  chamber  of  assigned  length.  However,  a  lowerlnr  of  K  number  at. 
the  entrance  Into  the  afterburner  lower  than  values  ...  -  .  L'[ 

Is  Irrational  on  account  of  the  fact  that  this  will  ii  :i  i  to  a 
considerable  increase  in  the  external  diameter  of  the  after!  urn*  r. 


The  v'.atJ  *r  i.  cyil  .  irl-al  tube,  ins  1.1  -  -..itci:  !•■".<  f  n  :  “'•■l 

collectors  with  sprayers,  special  igniters  and  stabilizers,  are 
Installed;  the  purpose  of  the  stabilizers  is  to  create-  a  powerful 
steady  source  of  continuous  ignition  of  fuel-air  mixture;  they  are 
Installed  In  the  immediate  proximity  of  the  sprayer  (slightly  behind 
them  If  we  lock  in  the  direction  of  flow). 

There  are  various  types  of  flame  stabilizers  (Fig,  15. F).  The 
simplest  and  most  widespread  of  them  is  the  corner,  curved  in  the 
form  of  a  ring  or  of  part  (segment)  of  a  ring. 

The  stabilizers  are  installed  net  in  one  section  of  the  chamber; 
they  are  displaced  relative  to  one  another  along  the  gas  channel  of 
the  afterburner,  and  their  number  is  selected  so  that  the  dispersing 
turtulent  tracks,  in  which  combustion  of  the  fuel  occurs  intensively, 
cover  the  whole  ma3s  of  gas  and  reach  the  walls  of  the  afterburner 
at  as  less  a  distance  as  possible  from  the  frontal  device.  This 
mazes  It  possible  to  reduce  in  reasonable  limits  the  length  and 
weight  of  the  afterburner  and  also  limit  the  so-called  "blockage" 
of  the  chamber  and,  consequently,  decrease  the  hydraulic  resistances 
of  the  frontal  device  (Fig.  15.3). 
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Fig.  15.2.  Pig.  15.3. 

Fig.  15.2.  Different  types  of  flame  stabilizers: 

1  -  "basket";  2  -  aerodynamic  stabilizer;  3  -  sta¬ 
bilizer  with  "attendant"*  source  of  ignition;  U  - 
V-shaped  stabilizers. 


•[Translator's  Note.  This  term  is  used  in 
abstract  form. ] 

Fig.  15.3.  Dependence  of  the  length  of  the  after¬ 
burner  on  the  number  of  stabilizers. 

'T’h  "*$  nv  known  numerous  attempts  to  use  revolving  blades  of 
the  turbine  (blades  of  the  rotor  wheel)  as  stabilizing  devices). 

For  this  purpose  the  boost  fuel  is  injected  directly  in  front  of  the 
nozzle  box  assembly  of  the  turbine.  Since  for  the  preparation  of  the 
chemical  reaction  of  combustion  known  time  (so-called  "induction 
period")  is  necessary,  that  again  the  formed  fuel-air  mixture  before 
its  ignition  manages  to  flow  through  stages  of  the  turbine,  and  the 
front  of  the  flame  appears  in  turbulent  tracks  behind  the  revolving 
operating  wheel. 

One  of  the  deficiencies  of  the  described  method  is  the  reduced 
stability  of  combustion  at  great  altitudes,  which  leads  to  flameout. 

As  a  result  of  the  high  degrees  of  preheating  and  relatively 
great  blockage  of  the  cross  section  of  flow,  the  coefficient  of 
conservation  of  total  pressure  of  the  afterburner  is  lower  than  that 
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in  the  main  combustion  chamber;  on  the  average  it  varies  within 
limits 

•*.-0,85  -c-  0,95. 

The  efficiency  of  combustion  in  the  afterburner  due  to  reduced 
gas  pressure  is  also  less  than  that  in  the  main  chamber  and  varies 
for  altitude  conditions  within  limits 

b„'»0,86-r0,92;  on  the  test  stand  (4 0,94 -1-0,96. 

The  Jet  nozzle  of  the  TRDF  is  made  with  an  adjustable  critical 
section. 

From  the  transformed  equation  (7.1^)  of  the  Joint  operation  <- f 
turbine  and  Jet  nozzle  of  the  TRDF 

!  iTT  A»f 

*  *  *  /..UK*) 

it  follows  that  the  drop  in  pressures  on  the  turbine  and,  consequently, 
operating  regime  of  the  turbocompressor ,  is  maintained  constant  when 
the  area  of  critical  section  of  the  Jet  nozzle  changes  directly 
proportional  to  the  square  root  of  gas  temperature-  at  the  exit  from 
the  chamber,  i.e., 

f 

In  several  designs  of  the  TRDF  inclusion  of  an  afterburner  with 
a  fixed  position  of  the  Jet  nozzle  is  provided.  The  inevitable 
increase  in  counterpressure  behind  the  turbine,  which  in  this  case 
begins,  displaces  the  regime  point  of  the  compressor  along  its  pressure 
characteristic  nearer  to  the  limit  of  surging,  increasing  values  of 

•  t 

parameters  and  ultimately  the  degree  of  forcing  of  the  TRD 
very  greatly  increases.  Such  a  method  of  controlling  the  parameters 
and  thrust  of  the  TRDF  is  called  thermal  oontrol  (in  contrast  to 
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tneahanioal  control  by  an  adjustable  critical  section  of  the  Jet 

no^i'.leX 

15.1.1.  Real  Cycle  of  the  Turbojet  Engine  with 

Afterburner 

Earlier,  in  Chapter  *1,  we  noted  that  the  use  of  the  ideal  cycle 
p  •  const  with  stepped  heat  feed  worsens  the  thermal  efficiency. 

This  is  explained  by  the  fact  that  the  heat  feed  in  the  additional 
"boo-'t"  cycle  is  always  accomplished  at  a  lower  pressure  than  that 
'n  no  main  cycle  (Pig.  15.4a). 

P 


a)  b) 

Pig.  15.4.  Ideal  cycle  of  the  TRDP:  a)  on 
a  test  stand;  b)  in  flight  at  supersonic 
speed. 

The  lowering  of  thermal  efficiency  leads  to  a  worsening  or 
effective  efficiency  of  the  real  cycle  and  to  an  Increase  in  np-cin  ? 
fuel  consumption  on  the  test  stand  and  in  flight  with  moderate 
speeds. 

In  flight  with  great  supersonic  speed,  the  inclusion  of  an 
afterburner  serves  as  a  means  of  not  only  thrust  augmentation  but 
also  Improvement  of  the  economy  of  the  engine,  l.e.,  lowering  of 
specific  fuel  consumption. 

Actually,  at  great  supersonic  M  numbers,  the  effective  efficiency 
of  the  cycle  of  the  TRD  dbops  as  a  result  of  the  excessive  increase 
in  the  compression  ratio  and  increase  in  hydraulic  losses  connected 
with  it  in  processes  of  com;  •ossion  and  expansion  (see  Fig.  15.4b). 


Effective  efficiency  of  the  cycle  of  the  TRDF,  because  of  the  high 
degree  of  preheating  of  the  working  medium  at  precisely  these  speeds, 
reaches  very  high  values  (Fig.  15.5a).  A  sharp  increase  in  effectl  ■ 
efficiency  leads  to  an  increase  in  total  efficiency  and  to  a  relati... 
lowering  of  specific  fuel  consumption  of  the  engine  with  inclusion  of 
the  afterburner  (see  Fig.  15.5b). 


Fig.  15.5.  Comparison  of 
effective  efficiency  (a)  and 

C  (b)  for  the  TR!>  [TPfl]  and 
y<A 

TRDF  [TPH$]  on  a  test  stand 
and  in  flight. 


15.1.2.  Determination  of  the  Velocity  of  Outflow  from 
the  Jet  Nozzle  of  a  Turbojet  Engine  with 
Afterburner 


The  velocity  of  expiration  from  the  Jet  nozzle  of  a  TRDF  is 
dete:  ..lined  by  formula 


(15.2) 


If  we  neglect  the  relatively  small  drop  in  pressure  in  the 
afterburner,  the  velocity  of  outflow  of  gas  from  the  Jet  nozzle  of 
the  engine  will  be  proportional  to  the  square  root  of  the  temperature 
of  forcing,  i.e. 


'i 


(15.3) 
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The  increase  in  temperature  at  the  exit  from  the  chamber  is  two 
times  (from  1000°K  to  2000°K)  leads  to  an  increase  in  velocity  of 
outflow  and  thrust  of  the  TRDP  of  approximately  40Jf. 

15*2.  Effect  of  Parameters  of  the  Working  Process  on 
Specific  Parameters  of  the  TRDF 

Let  us  examine  how  parameters  of  the  working  process  of  the 
TRDF  -  ratio  of  compression  of  the  compressor,  gas  temperature  in 
front  of  the  turbine  and  gas  temperature  at  the  exit  from  the  after¬ 
burner  -  affect  the  specific  parameters  of  the  TRDF  ( R  ,  and  C  .) . 

15.2.1.  Effect  of  Ratio  of  Compression  of  the 
Compressor  on 

yA.Q 

Let  Mq  >  1.0.  At  a  compression  ratio  of  the  compressor  equal 
to  unity,  the  TRDF  "degenerates"  into  a  ramjet  engine  with  several 
values  of  specific  thrust  and  specific  fuel  consumption.  With  an 
increase  in  the  compression  ratio  of  the  compressor  and  at  a  constant 
gas  temperature  at  the  exit  from  the  chamber  the  pressure  behind  the 
turbine  will  increase;  consequently,  the  velocity  of  outflow  of  gas 
from  the  Jet  nozzle 


will  also  grow.  It  is  obvious  that  she  velocity  increase  in  outflow 

from  the  nozzle  will  occur  until  gas  pressure  behind  the  turbine 

* 

Pij  reaches  a  maximum. 

« 

Let  us  call  the  value  it  to  which  corresponds  the  maximum  of 
the  total  pressure  behind  the  turbine  and  maximum  of  specific  thrust 
the  optimum  value. 

ft 

With  further  growth  in  ttk  (above  the  optimum  value),  in 
accordance  with  the  drop  in  pjj,  the  specific  thrust  of  the  TRDF 
continuously  drops.  Figure  15.6  gives  the  change  in  total  pressure 
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behind  the  turbine  and  specific  thrust  of  the  TRDF  depending  on  w* 

H 

(or  on  e*). 


Fig.  15.6.  Effect  of  parameter  of 

the  compressor  on  total  pressure  behind 
the  turbine  and  specific  thrust  of  the 
TRDF  [TPA*3. 


15.2.1.1.  Determination  of  Optimum 
Compression  Ratio  of  the  Compressor 
of*  che  Turbojet  Engine  with  Afterburner. 


Let  us  write  equation  of  balance  of  works  of  the  turbocompressor 
of  the  TRDF 


or 


A  • 


<• 


Now  let  U3  find 


(15**0 


where 


A 


*7T  rT%v 


(15.5) 


3**o 


Let  us  introduce  the  assumptions: 


k,  «  k,  «  *  >=  cowl;  c,a««,r  **e,—  const; 

COMt. 


Then  we  obtain 


“  #!•. 


— r 
«v« 


(15.6) 


Let  us  investigate  function  (15*6) 


for  a  maximum. 

We  have 


3? 


whence  after  simple  conversions  we  find 


'■••Mi 


-d±i. 


?-«*> 
9  m 


(15.7) 


Pormula  (15.7)  was  first  obtained  by  A.  M.  Lyul'ka. 


Thus,  the  optimum  ratio  of  compression  of  the  compressor  at 
which  the  available  drop  in  pressures  of  the  turbocompresaor  pfl/p* 
and,  consequently,  and  specific  thrust  of  TRDP  reach  a  maximum  value 
In  greater,  the  higher  the  gas  temperature  in  front  of  the  turbine, 
the  greater  the  altitude  of  flight  H,  the  less  the  MQ  number  of 
flight,  and  the  higher  the  efficiency  of  the  turbocompressor 


It  is  easy  to  show  that  the  optimum  compression  ratio  of  the 
compressor  of  the  TRDF  is  substantially  more  than  that  in  the 

ft 

compressor  of  the  TRD.  Actually,  with  an  increase  in  tt*  when  T  = 

H  J 

-  const  the  total  pressure  behind  the  turbine  of  the  TRD  and  TRDF 
changes  according  to  the  same  law  (see  Fig.  15.8).  The  stagnation 

ft 

gas  temperature  behind  turbine  of  the  TRD  (7^)  continuously  drops, 
whereas  for  the  TRDF  magnitude  2*^  =  con  t.  Consequently,  the  drop 

in  specific  thrust  of  the  TRD  comes  earlier,  i.e.,  at  less  values  of 
ir»  (Pig.  15.7). 

H 


Fig.  15.8.  Nomogram  for  determination  of 
total  gas  parameters  behind  the  turbine  of 
the  TRDF  [TPA<i>3  for  test  bench  conditions. 


It  is  convenient  to  produce  a  determination  of  parameters  an 
Tli  for  a  TRD  for  bench  conditions  with  the  help  of  a  nomogram 
(Fig.  15.8). 


Figure  15.9  gives  comparative  curves  of  the  change  in  optimum 
compression  ratio  of  the  TRD  (a)  and  TRDF  (b)  in  flight  (H  -  11  km). 


TRD  [TPA]  and  TRDF  [TPA*] . 

Values  when  r.-'MO'K,  n!-0.90  and  n I -0.85  are  given  in 

Table  15.1. 


15.2.1.2.  Determination  of  the  Range 
of  Expedient  Use  of  the  TRDfr  on  the 
Compression  Ratio  of  the  Compressor. 


Let  us  now  find  values  of  tt*  at  which  the  effectiveness  of  the 

K 

TRDF  on  specific  thrust  is  equalized  with  the  effectiveness  of  the 
ramjet  engine. 


3^3 


By  comparing  expressions  for  velocities  of  outflow  of  gas  from 
the  jet  nozzle  of  the  TRDF 

r~  [  iiTi 

^Tr4'-(-^)  J  (a) 

and  ramjet  engine  _ 

**<nBWD^  9  j/  ‘J  |>  — )  J  (b) 

it  is  easy  to  conclude  that  under  the  condition  of  the  equality  of 
maximum  cycle  temperatures  of  the  ramjet  engine  and  TRDF,  i.e.,  when 
73<nBPa)=rMl(T«»).  the  velocity  of  outflow  from  the  jet  nozzles  are 

H  k 

equalized  when  /^(nBpju “ or  P1  m  P i,  (assuming  that  v«.<nnM>  ~V«  )• 

Thus,  the  TRDF  is  more  effective  than  the  ramjet  engine  with 
respect  to  specific  thrust  in  the  region,  where  WW)>  i.o  (see 
Fig.  15.6). 

Let  us  find  the  correlation  between  parameters  of  gas  (rJ;B*) 
and  flight  (MQ)  for  which  condition  1,0  is  fulfilled. 

Having  substituted  in  expression  (15.6)  W«)-  l,  we  obtain 
(taking  for  simplicity  ••,■»!) 


or 

(i5. c) 

Equation  (15.8)  has  two  roots: 

and 

or 
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.  » 

*■  «t>  “  1  and  »•  ^ 


(lc.  •) 


Whan  «,•»!  the  TRDF  "degenerates"  Into  a  ramjet  engine;  when 

*«  '*  '  the  specific  thrust  of  TRDF  and  ramjet  engine  arc-  equalised, 

and,  consequently,  the  use  of  TRDF  proves  to  be  irrational. 

ihu8|  it  is  rational  to  use  the  TRDF  in  the  nns®  of 

F  om  expression  (15.9)  recorded  in  the  form 


! 


+o.»m5~ 


n 

IT 


~a=r 


(15.1*') 


it  is  easy  to  determine  the  limiting  Mfl  number  of  flight  for  the 
rational  use  of  the  TRDF.  With  an  Increase  in  T*  and  wit!*  i  decrease 
in  irj,  magnitude  continuously  increases  (Fig.  15.10). 

Fit  oily,  having  substituted  into  expression  (5.10)  value  *•  ■  l, 
value  can  be  found,  beginning  from  which  the  use  or  the  TRPF 

is  generally  inexpedient. 


Pig.  15.10.  Kffot-r  of  *  * 

•  K 
and  on  Unit  of  rntior.nl 

use  of  the  TRDF  with  respect 
to  Mg  number. 


3“  5 


Figure  15.11 
regularity  of  the 


and  Table  15.2  give  data  characterizing  the 

« 

change  in  Mg(max)  depending  on  T  . 


Fig.  15.11.  Effect  cf  T  on 

the  region  of  rational  use 
of  the  TRDF  [TPA#]  and 
ramjet  engine  on  the  NL 
number.  u 


Table  15.2. 


T\,  *K 

1030 

1200 

1400 

If  00 

.1.55 

4.0 

4.40 

4. SO 

15.2.2.  Effect  of  Parameters  of  the  Working 
Process  (T? ;  ir*)  on  the  Total  Relative 

Fuel  Consumption  (mT»)  of  the 
TRDF 

Let  us  examine  the  effect  of  parameters  of  the  working  process 

(T }  and  tt*)  on  the  total  relative  fuel  consumption  (mtx)  of  the  Ti'.T. 
3  H 

Let  us  assume  that  the  following  are  assigned  and  are  fixed: 

1)  gas  temperature  at  the  exit  from  afterburner; 

2)  temperature  of  completely  stagnant  flow  of  air  Jn  front  of 
the  engine  T* . 

H 

Let  us  write  the  equation  of  energy  of  flow  for  sections  "m" 
and  "H"  (Fig.  15.1)  of  the  TRDF: 

/«»  —  C  •-»  At.,  —  AL,  + f -f 


(15.11) 


Since 


Lt--Lr;  const  and  /J^const, 

th-->n 

<7s=?,..e !-  k -const. 

Consequently , 

h»,s  —  const.  U‘  .  1, 

Thus,  the  total  quantity  of  heat  fed  to  1  kg  of  air-  i 

on  parameters  7*  (i.e.,  MQ  and  H)  and  7* ,  but  it  does  not  depend 
the  compression  ratio  of  the  compressor  and  gas  tempera*  ir>  in  ?•»  m. 

of  the  turbine,  i.e.. 


r*). 


Fhysically  this  regularity  is  thus  explained.  With  an  increase  in 

- ''  ’•h'1  air  temperature  at  the  exit  of  the  compressor  increases,  the 

h  *  # 

interval  of  preheating  in  the  main  combustion  chamber  (7^-7,,)  is 

decreased,  and,  consequently,  a  is  reduced;  however,  the  increase 
in  work  of  the  compressor  and  turbine  »  L leads  to  a 
proportional  drop  in  gas  temperature  behind  the  turbine  and  to  an 

lncre?.3e  in  the  interval  of  preheating  of  the  gas  in  the  chamber 

»  • 

Thus,  magnitude  q^^  increases.  The  total  quantity  of 
heat  fed  into  the  two  chambers  of  the  engine  for  1  kg  of  gas  does 
not  change. 

« 

Similarly  it  is  possible  to  show  that  qv  depends  on  7,. 

•  1 

Actually,  with  an  increase  in  7,  q  increases,  and  simultaneously 

H  j  K  •  C 

7„  increases;  and  this  means  that  q.  decreases.  The  total 
quantity  of  heat  q j.  remains  constant. 


3^7 


15.2.2.1.  Effect  of  tt#  on  C 

-  k  —  yfl  •  0 


From  formula 


Cy.\.$  —  3600 


mrt 


1 _ 


it  follows  that  the  specific  fuel  consumption  of  the  TRDF  changes 
back  in  proportion  to  the  specific  thrust,  since  mTs  ----const.  Thus, 
curve  Cya.*=/(ji*)  is  as  though  it  were  a  mirror  image  of  the  curve  of 
specific  thrust  (Fig.  15.12).  The  optimum  compression  ratio  of  the 
compressor  (at  which  the  specific  thrust  reaches  a  maximum)  coincides 
with  the  economic  compression  ratio  (at  which  the  specific  fuel 
consumption  takes  a  minimum  value),  i.e., 


n«(Ot>0 


Fig.  15.12.  Effect  of 
on  specific  param¬ 
eters  of  the  TRDF  [TPAtJ. 


15.2.2.2.  Effect  of  r*  on  H  ,  and  C 

-  3  —  -  yfl.0 

With  an  increase  in  the  gas  temperature  in  front  of  the  turbine 
and  at  other  constants  conditions,  the  total  pressure  and  temperature 
of  the  gas  behind  the  turbine  increase.  At  a  constant  temperature 
of  forcing  the  increase  in  leads  to  a  continuous  increase  in 
specific  thrust  of  the  TRDF.  Since  the  temperature  change  of  the 

ft 

gas  T0  when  Mn  =  const  and  T*  =  const  does  not  have  an  effect  on  the 
5  U  0 

relative  fuel  consumption,  i.e.,  wiTl  =  const,  then  ultimately  the 
specific  fuel  consumption  of  the  TRDF 


3^8 


^,,.♦=3600 


"i* 


#v 


Is  continuously  lowered  (Fig.  15.13). 


Fig.  15.13.  Effect  of  T ^  on 

specific  parameters  of  the 
TRDF  [TPA*]. 


15.2.2.3.  Effect  of  Forcing  Temperature 

7*  on  R  . . .  "  ‘  "  '  ' . . . 

$  —  yfl< 


and  C  . 
—  yfl.Q 


With  an  increase  in  the  forcing  temperature  of  the  engine,  the 
specific  thrust  and  also  relative  fuel  consumption  m»*  increase. 

The  specific  fuel  consumption  will  change  differently,  depending  on 
region  of  MQ  numbers  of  flight  in  which  there  is  forcing  of  th  ■>  TRD. 


Thus,  for  instance,  on  the  test  stand  and  at  subsonic  flight 
speeds ,  tne  specific  fuel  consumption  increases  with  an  increase  in 
T* ;  at  moderate  supersonic  flight  speeds  C  ^  can  remain  constant; 
at  high  supersonic  flight  speeds  (MQ  >  3.0)  the  specific  fuel 
consumption  of  the  TRDF  is  lowered  (Fig.  15.14). 


Fig.  15.14.  Effect  of  T* 

on  specific  fuel  consump¬ 
tion  of  the  TRDF  [TPAO]. 


Actually,  at  a  great  inlet  pulse,  when 

the  initial  TRD  is  small,  an  increase  in  T* 

0 


the  specific  thrust  of 
leads  to  an  accelerated 
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increase  in  specific  thrust  of 
relative  fuel  consumption.  On 
always  lags  the  Increase  in  mt 


the  engine  in  comparison  with  the 
the  test  stand  an  increase  in  P. 


15.2.3.  Determination  of  Maximum  Possible  Gas 
Temperature  in  the  Afterburner 


The  highest  possible  gas  temperature  in  the  afterburner  is 
determined  by  the  stoichiometric  mixture  ratio,  i.e.,  the  value  of 
the  total  coefficient  of  air  surplus  equal  to  unity. 


Let  us  write  energy  equation  of  the  flow  for  sections  "h"  and 
"40"  of  the  TRDF: 


£  H 

wher*->  —  total  quantity  of  heat  fed  to  the  main  combustion 

chamber  and  afterburner. 

Thus , 


(15.13) 


Let  us  substitute  into  expression  (15.13)  value  =  1. 
Then  we  obtain 


U5. ID) 

h 

Assuming  for  simplicity  that  cpt^cp^ep,  we  obtain 

T\nm»i  —  Tl  (15.15) 

From  expression  (15.15)  it  follows  that  the  higher  the  maximum 
possible  gas  temperature  in  the  chamber,  the  greater  the  flight  speed. 


35U 


It  Is  characteristic  that  magnitude  does  not  at  all  depend  on 

value  a  in  the  main  chamber. 

15.3.  Peculiarities  of  Altitude-High-Speed 
Characteristics  of  the  Turbojet 
Engine  with  Afterburner 

Program  of  control  of  the  TRDF  for  maximum  thrust. 

The  program  of  control  of  single-shaft  TRDF  for  maximum  thrust 
Includes  the  following  conditions: 

1)  n=nm,t~  const: 

2)  =  const: 

3)  7"$  =  T $  (mu) =  const. 

15.3*1.  Control  of  Fuel  Feed  into  the  Afterburner 

In  connection  with  the  need  to  maintain  constant  gas  temperature 
at  the  exit  from  the  chamber  with  respect  to  speed  and  altitude  of 
flight,  the  question  arises  about  the  rational  basis  of  principles  of 
control  of  parameters  of  the  gas-air  channel,  which  provides  T'^  --const 
at  a  constant  critical  section  of  the  jet  nozzle.  Such  a  principle 
is  the  automatic  sustaining  of  constant  drop  in  pressures  on  the 
turbine,  i.e.,  -  const,  with  the  feed  of  fuel  into  the  afterburner. 

Actually,  thermal  control  of  the  engine,  appearing  when  J*  =  var 
and  *  const,  is  equivalent  in  its  action  to  the  mechanical  control 
of  the  critical  section  of  the  jet  nozzle  -  var)  for  the  TRD. 

It  leads  to  a  change  in  regimes  of  operation  of  the  compressor  and 
turbine  and  also  a  drop  in  pressures  on  the  turbine  (see  equation 
7.1^a) . 

It  is  obvious  that  the  conservation  of  .1*  --const  can  be  the 
result  of  only  such  a  law.  of  fuel  feed  at  which  7^  “const. 
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15.3.2.  High-Speed  Characteristic  cf  the  Turbojet 
Engine  with  Afterburner 


With  an  Increase  in  the  flight  sped  the  s>;  .  -I  ! ' :  e  ; .  f  •  ht 

THDF 


falls;  however,  as  a  result  of  high  velocities  of  g as  expiration, 

Its  drop  occurs  substantially  more  slowly  than  th<at  of  the  TRD.  The 
regularity  of  the  change  In  air  flow  with  respect  to  flight  speed 
for  the  TRDF  and  TRD  coincides.  As  a  result  the  total  thrust  of  the 
TRD  with  an  Increase  In  V  In  the  beginning  changes  little,  and  then 
increases  very  considerably;  only  in  the  region  of  high  Mf)  number, 
does  the  thrust  sharply  drop,  approaching  zero. 

Figure  15.15  gives  comparative  high-speed  characteristics  of  tut 
TRDF  with  an  included  and  excluded  afterburner.  Wo  son  that  Jn  the 
whole  range  of  MQ  numbers  (velocities)  of  flight  the  thrust  of  the 
TRDF  is  considerably  more  than  the  thrust  of  the  TRD. 


Fig.  15.15.  High-speed  char¬ 
acteristics  of  thrust  with 
excluded  (TRD)  [TPAl  and 
included  (TRDF)  LTPA^J  after¬ 
burner. 


The  specific  fuel  consumption  of  the  TRDF 


•  3600 


>8.43 


35° 


w  1 1. ' i  ;  n  Increase  in  the  flight  speed  Increases;  however  at  supersonic 
night  speeds  a  sharp  Increase  of  the  effective  and,  consequently, 
^otal  efficiency  can  even  lead  to  a  certain  '’local'1'  lowering  of  C\ 
Fig.  Ir.l6). 


Pig.  15.16.  Effect  of  flight 
speed  on  the  total  efficiency 
and  specific  fuel  consumption 
or  the  TRD  [TPA]  and  TRDP 

[tpa*]. 


Figure  15.16  gives  comparative  regularities  of  th<  changes  in 
total  efficiency  and  specific  fuel  consumption  of  the  TRDP  with  the 
Included  and  excluded  afterburner.  If  on  the  test  stand  and  at. 
subsonic  flight  speeds  the  TRD  is  more  economic  than  the  TRDP,  then 
at  greater  M  numbers  of  flight  (MQ  >  3.0)  the  specific  fuel 
consumption  of  the  TRDP  becomes  less  than  that  of  the  TRD. 

15.3.3.  Peculiarities  of  Altitude  Characteristics 

of  the  TRDP 

Altitude  characteristics  of  the  TRDP  with  a  program  of  control 
for  maximum  thrust  in  practice  are  no  different  from  characteristics 
of  the  TRD.  With  an  inorease  in  altitude  the  thrust  or  the  TRDP 
continuously  drops;  at  altitudes  greater  than  11  km,  the  drop  In 
thrust  Is  more  rapid,  and  it  obeys  the  regularity 

ff<N>lt  **> 

As  regards  the  specific  fuel  consumption,  the  latter  with  an 
Increase  in  altitude  is  reduced,  up  to  U  ■  11  km;  a  further  ascent  In 
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altitude  leads  to  a  worsening  of  the  economy  of  the  engine  only  in 
the  case  of  a  decrease  In  combustion  efficiency. 

15. 3.**.  Degree  of  Forcing  of  Thrust 

The  degree  of  foroing  of  thrust  of  the  TRDF  is  called  the  ratio 
of  forced  thrust  to  the  initial  nonforced  thrust  of  the  engine,  i.e.. 

If  with  the  switching  on  of  the  afterburner  the  regime  of 
operation  of  the  turbocompressor  and,  consequently,  flow  of  air  through 
the  engine,  remain  constant,  then 


7i  _ 


(15.17) 


Let  the  degree  of  forcing  of  the  TRDF  in  test  bench  conditions 
be  equal  to 


(15.18) 


and  let  at  all  speeds  and  altitudes  of  flight  fj^const  (since  7*J=const 
and  n  const)  and  const. 


Then 


f*  *«•» 


(15.15) 


Having  substituted  in  expression  (15.17)  the  value  from 
equation  (15.19),  we  obtain 


*♦ 


*♦«•>*»”  v 

— 


(15.20) 


35<* 


or 


e» 


(15.21) 


Prom  equation  (15.21)  it  follows  that  with  an  increase  in 
flight  speed  the  degree  of  forcing  of  the  engine  continuously 
increases  from  R^0)  to  infinity,  since  ratio  V/o ^  increases  from  zero 
t;n  unity  (Fig.  15*17). 


Pig.  15.17.  Effect  of  parame¬ 
ter  V/oc  on  the  degree  of 
0 

forcing  of  thrust. 


Viith  an  increase  in  altitude  of  flight  when  V  =  const  the  degree 
of  forcing  is  continuously  decreased,  since  ratio  V/c ^  is  lowered. 
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CHAP  T  F,  R  lb 

RAMJET  ENGINES 

1 6 . 1 .  Designs  and  Type?  of  Ramjet  hurl  nos 

There  art’  the  following  basic  types  ol’  ramj'’’  •  tii"  ‘  n*  :* :  .'.is 

supersonic,  and  hypersonic  (Fig.  16,1a,  b,  c). 

Tn.o  .  T  '  is  a  ramjet  on  •’  »  lulpj  •  ;  a 

subsonic  (diverging)  diffuser  and  subsonic  (converging)  Jet  nozzle. 
Such  a  FVRD  is  used  at  subsonic  and  low  supersonic  flight  speeds; 
it  has  low  economy. 

The  supersonic  ramjet  engine  is  a  ramjet  engine  equipped  with 
a  supersonic  diffuser  and  Jet  nozzle.  Such  a  ramjet  onrltn  is 
designed  for  high  supersonic  flight  speeds.  If  it  is  used  In  a  wide 
range  of  flight  speeds  (multi-regime  ramjet  engine),  tnen  sunn  an 
engine,  as  a  rule,  is  equipped  with  an  adjustable  Intake  and  exhaust 
devices . 


If,  however,  the  ramjet  engine  is  designed  basically  for 
operation  at  a  definite,  maximum,  MQ  number  (the  case  of  great  flight- 
distance  of  an  aircraft),  then  such  single-regime  engine  (sustaincr 
ramjet  engine)  is  made,  for  the  purpose  of  simplification  of  design 
and  of  lowering  of  weight,  with  fixed  geometry. 

The  hypersonic  ramjet  engine  is  a  ramjet  engine  designed  at 
Mq  numbers  of  flight  of  more  than  5-6.  To  increase  the  effectiveness 
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and  expansion  cf  the  range  of  rational  use  wit:,  res: --ct  *  .  ”  of  s 

a  ramjet  er.gl.v  ,  sp-cial  kinds  of  f  :•  1  (lieu!  :  »  y  an:  rs 

-  is*  *  ••  is*  At  :■!  ,  _>  If  ‘  Is  *•  !!•  :i*  *  '  y. 

VhL  wif.  supersonic  corit  u.  t !.  •  *  1  :  ,  s-  •  i  .  :  .  :  .  .  •  is- 

supersonic  corn  us t  lo.n  pwili.out  preliminary  i-c-lerat !  *’  f  .  v:  ■ 

makes.  it  posslile  to  reduce  the  temperature  and  pr-  ss  u*>  of  .-.a 

in  comlusticn  chamber,  avoid  (lr.  full  or  in  j  art  *  :i<  i !  sseei  at !  on 
of  products  cf  combustion  and  expansion,  rrcvi  i<:  •  i u! 1 1!  ri  ;n  f  th 
scurrer.se  of  chemical  reactions  an u  processes  cf  'jtfli.-;.  Ju 
ramjet  engines  can  be  made  more  simple  in  design  and  v;i*n  1-ss  v.vi 


In  civil  aviation,  in  connection  with  the  cr-aticn  f  sui  •  rs; 
pass  or.  iter  aircraft,  one  should  expect  the  appearance  f  .  up-rsor.i- 
ramjet  engines  of  various  types. 

Figure  It .  1  rives  also  curves  of  the  ciianse  in  j  unmet -rs  of 
gas,  along  gas-al r  channel  of  a  ramjet  engine. 

16.2.  Real  Cycle  of  the  Ramjet  Hr.glne 


Figure  10.2  gives  the  real  (with  losses'*  cycle  of  a  ramjet 
engine  in  coordinates  ( i/A  )~e .  It  consists  cf  process-.:  cf  comp  res: 
,  heat  feed  !-3,  and  expansion  3-5 . 


Fig.  16.2.  Real  cycle  of 
the  ramjet  engine  in 
coordinates  (i/A)-s. 


All  processes  which  are  accomplished  inside  the  ramjet  engine 
:omtress!on,  heat  feed  and  expansion)  are  characterised  by  a  drop 


in  pressure.  The  total  coefficient  of  drop  In  total  <ras 

me -  are  Is  equal  to  the  product  of  coefficients  of  drop  Ir.  total 
tr  .  are  In  partial  processes  of  the  ramjet  engine,  i.e., 

•  •  •  •  p%  . 

P» 


The  coefficient  /Up.  of  the  supersonic  diffuser  in  caltulat 
flight  conditions  depends  on  and  the  selected  system  of  shocks 

7~  mini,  a*  in  the  range  of  numbers  Mq  <  5,  it  is  possible  to  us 
-■urve  (Fig.  16.3). 


Fig.  16.3.  Change  in  c*  and  nc  with 
respect  to  MQ  number  of  flight. 


Coefficient  a*  depends  on  (or  number  at  the  entrance 

K  •  C  d  d  j* 

into  the  combustion  chamber,  on  the  degree  of  preheating  A,, ---7-, 

Tt 

■.r.  1  also  on  the  magnitude  of  hydraul.  c  losses  caused  by  the  frontal 
oyster,  of  the  chamber.  With  an  increase  in  and  A,  thermal  losses 
in  the  chamber  increase  and  magnitude  <vc=  p\fp\  is  reduced. 


The  less  the  coefficient  a  p\\p\  the  and  the  lower  4  . 

The  effectiveness  of  the  process  of  compression  is  determined 

also  by  the  efficiency  of  compression  (n  ) .  Let  us  find  the 

connection  between  n  and  o#  . 

c 


359 


We  nave 


V- 


£c 


Y  r0u-i) 

~v~^s 


{c  -  I) 

0.2 .\Vj“  * 


whore 


e  - 


«=(1  {• ■O.ZMta*  'r. 


Then  after  simple  conversions  we  obtain 

(l+Q.2M0?)»;°^6-» 

*  0^2  m|  * 

From  expression  (16. 3)  it  follows  that  when  a#=  1  we  hrr< 

A 

1. 

Dependence  »ic=/(M0)  is  given  in  Fig.  16.3  even  in  Table  1*' 

Table  16.1.  Effect  of  M„  number  of  flight  on 

a*  and  n  .  u 

c 


M0 

0 

1 

1.3 

2.2 

3.0 

3.5 

4.0 

5.0 

• 

*. 

0,92 

0,97 

0.97 

0.90 

0.76 

0,06 

0.55 

0.04 

1c 

— 

0.95 

0.9? 

0.94 

0,88 

0,<!4 

0.K0 

0.68 

The  effectiveness  of  the  process  of  expansion  in  th<-  J< -1. 
of  the  J’VHD  is  evaluated  by  the  efficiency  of  expansion  n  and 

p 

coefficient  of  pressure  drop  a* 

p .  c 

It  is  possible  to  show  that 


*-1 
•  — ■ 
s  * 
p-c 


l-« 


r-e 


I -1 


n -.••?) 


.1 . 


no  z z 1 o 


(16.4) 
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Thus,  the  greater  the  velocity  of  outflow  of  gas  from  the  jet 
nozzle  of  the  ramjet  engine,  the  higher  the  gas  temperature  in  the 
combustion  chamber,  the  more  the  number  of  flight  and  the  less  the 
hydraulic  and  gas-dynamic  losses  in  processes  of  the  ramjet  engine;. 

16.3. 


16.3.1.  Some  Analytical  Dependences  for  the 
Ramjet  Engine 

Let  us  derive  several  characteristic  relations  for  the  determina¬ 
tion  of  parameters  of  the  ram,.  1  engine  by  parameter  L  . 

6 


Effect  of  Parameters  of  the  Working  Process  and 


Parameters  of  Plight 


°l  2E  Vc* 


Mq  on 


Specific  Parameters  of  the  Ramjet  Engine 
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16.3.1.1.  Effective  Work  of  the 
.Cycle  of  the  Ramjet  Engine. 


Let  us  write  equation  (9.7)  in  the  form 


Let  us  find  magnitude  e  from  expression  (16.2): 

e  l  +  0.2.M*ijc. 

Then  after  the  substitution  of  e  in  equation  (9. 
conversions,  we  obtain 


V-L 

■2g  [t  +  0,2M|i|c 


']• 


16.3.1.2.  Velocity  of  Outflow  of 
Gas  from  the  Nozzle. 


<■»  }1gLt+Vi*--V 


I  +0,2.Mjn*’ 


16.3.1.3.  Specific  Thrust. 
Wo  have 


g 


J  +  0,2M*ifc 


Let  us  find  the  optimum  value  of  at  which  the 
thrust  of  the  ramjet  engine  reaches  a  maximum  value. 


</M0 


(16.7) 

7)  and  simple 

( 1 6  .  q  ) 

(16.9) 


(16.10) 

s pc ci  fl  c 
From  condition 
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we  oh tain 


(l  +  0,2MjHt)*.-=  afctlpHe 


whence  we  find 


A,0<opt> 


1/ 


,■)(!  — l) 

* 


(16.11) 


The  sp-cific  thrust  of  the  ramjet  engine  becomes  zero  at 
i';il  lillment  of  equality 


a>nipne  «  •  +  0,2M*t)c, 


whence  we  find 


M0(m,x)  -  j/* 


(16.12) 


The  M0  number  at  which  useful  work  of  the  cycle  reaches  a 
maximum  is  determined  from  condition 


e(L*~  Lt  m»x)  '*  Y  «**1p»Jf 


Consequently, 


'V.-wrj/  “O^pnc-I). 


(16.13) 


16.3.1.4.  Thrust  Efficiency. 
We  have 


2V  7 

V  +  U  “  I  +  <«*/»rl  * 
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Having  substituted  into  expression  n/(1  value  c\ /V  Prom  (it 
we  obtain 


1  + 


I  +  o.?Mjn, 


.  i 


Kxpresslons  for  n  ,  n„i  and  C  have  no  peculiarities  and  are 

e  O’  yfl 

ietermiried  according  to  the  appropriate  formula.;  for  the  VivlJ. 

16.3.?.  The  Llffect  of  Gas  Temperature  In  Mr 
Combustion  Chamber 

The  effect  of  the  maximum  gas  temperature  In  the  thermodynamic 
cycle  on  sped  fie  parameters  of  the  ramjet  enrirr  (Kir.  lb. 4)  Is 
similar  to  known  regular!  ties  In  the  TRD  (T’RHIM . 


« 

Fig.  1C.  4.  Kffect  of  on 

specific  parameters,  and  efficiency 
of  the  ramjet  engine. 


With  an  Increase  In  T ^  the  effective  work  of  the  cycle  aril 
specific  thrust,  and  also  the  quantity  of  heat  fed  to  1  kg  of  air 
(gar.)  increases.  The  effective  efficiency  ng  in  this  case  Increases. , 

and  the  thrust  efficiency  nD  is  continuously  lowered.  Finally  the* 

h  » 

total  efficiency  rig  with  an  increase  in  T ^  initially  rises,  reaching 
a  maximum,  and  then  drops,  asymptotically  approaching  zero. 
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The  specific  fuel  consumption  changes  inversely  proportional  *  *> 
fro  total  efficiency,  reaching  a  minimum  at  a  certain  value  of  ?! 
which  is  more,  the  higher  the  MQ  number  of  flight. 

15.3.3.  Effect  of  Losses  of  Complete  Pressure  (of) 

With  a  decrease  in  losses  of  total  pressure  the  effective  work 
of  the  cycle  and  specific  thrust  of  the  engine  increases  and  specific 
fuel  consumption  is  lowered;  consequently,  the  range  of  expedient 

'  the  ramjet  engine  with  respect  to  the  MQ  number  of  flight  Is 
:i  larged. 

Slnc<_  at  the  assigned  values  of  Ht  and  f*  losses  in  total 
pror sure  do  not  have  an  effect  on  the  relative  fuel  consumption  m,», 
*h»*n  with  a  change  in  eg  the  specific  thrust  and  specifl'  fuel 
consumption  change  inversely  proportional  to  each  other,  i.e., 


Figure  16.5  shows  the  effect  of  og  on  the  relative  specific 

•hrr.>r  of  the  ramjet  engine.  The  drop  in  total  pressure  has  an 

especially  considerable  effect  on  /?  .  at  low  values  of  of. 

y«  1 

Fig.  16.5.  Effect  of  o£  on 

th?  relative  specific 
thrust  of  the  ramjet 
engine. 


365 


It .  *.ll. 


Effect  of  K  Humber  of  rlirnt 


known  on  takeoff  (when  M 


0 


0)  the 


- 1 


1  n 


srvat  •„  tnrust  (ff,a«0;  R-  Q',  o.t  lew  l'llcn* 


.■  i 


tnrust  of  the  ram, let  engine  la  practically  absent 


!■  !■:  no* 

.  .'ij.JUviv, 
to  t  h*.‘ 


considerable  losses  In  total  pressure,  which  is  Inevitable  1i.  a 
supersonic  diffuser  of  an  engine  In  these  regimes  of  c.:  •  nat  lor  .  Only 
at  Increased  (>0.5)  numbers,  with  the  Increase  in  surplus  pressure 
In  the  combustion  chamber,  the  velocity  of  outflow  of  gas  from  the 
nozzle  of  the  ramjet  engine  begins  to  exceed  the  fligr.t  velocity  a:.-’ 
thrust  appears;  with  a  further  Increase  in  flight  speed  the  specific 
at ..1  total  thrust  of  the  ramjet  engine  rapidly  increase. 


When  T  ^  ■  const  In  the  range  of  Its  values  lu00-<?T10oK  the 
.  ;ec!flc  thrust  reaches  a  maximum  at  moderate  supersonic  nun*  (-rr. 
Kn  (l.b-J.'J).  With  further  growth  1  r.  the  MQ  numb-  :  the  s;  •  If’  • 
thrust  of  the  ramjet  engine  Is  reduced  down  to  zero. 


Figure  lti.C  shows  regularities  of  the  chance  In  H  ,  C  and 

ya  yj* 

of  the  ramjet  engine  with  respect  to  MQ  number  of  flight.  It  Is 
characteristic  that  optimum  values  of  HQ  numbers,  at  which  the 
specific  thrust  und  useful  work  of  the  cycle  reach  a  maximum,  do 
not  coincide  with  <*ach  other,  as  In  other  types  of  Jot  engines,1 


/. 


The  latter  Is.  explained  by  the  fact  that  the  useful  work  of 
the  cycle  reaches  a  maximum  at  high  flight  speeds,  at  which  the 
Inlet  pulse  sharply  lowers  the  specific  thrust  of  the  ramjet  engine. 

Since  the  external  heat  fed  to  1  kg  of  air  Inside  the  ramjet 
engine  is  continuously  decreased  with  an  Increase  in  number  M^, 


>•  i 
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•1  'I 


Fig.  16.6.  Effect  of  Mq  of  flight  on 

specific  parameters  of  the  ramjet 
engine. 


9m  (fa  —  Tn)  ~  (const  — 7*,), 

then  initially  (in  ccordance  with  the  increase  in  specific  thrust 
from  zero)  the  magnitude  of  specific  fuel  consumption  sharply  drops 
(from  infinity);  at  MQ  ■  M0(opt)»  when  ^ya“^raw»*.  the  specific 
fuel  consumption  decreases  even  more;  it  reaches  a  minimum  only  when 
the  approaching  intensive  drop  in  specific  thrust  at  large  MQ  numbers 
compensates  the  lowering  of  wr*.  i.e.,  when 

^*,i  ^*i 

</M*  </Mo 

The  M0  number  at  which  the  specific  fuel  consumption  reaches  a 
minimum,  depending  on  values  of  fjj,  varies  within  limits  of  2. 5-3.5; 
consequently. 

With  a  further  increase  in  Mq  the  specific  fuel  consumption 
continuously  increases,  approaching  infinity.  Calculations  show 

t 

that  in  the  range  ■  1000-2000°K  magnitude  min  ■  1.8-2. 5 
kg/(kgf*h).  Similar  dependences,  plotted  with  respect  to  compression 
ratio,  are  characteristic  for  11  types  of  Jet  engines. 
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Figure  16.7  shows  regularities  of  the  change  in  efficiency  of 
the  ramjet  engine  -  effective,  thrust  and  total  -  on  the  M  number 
of  flight.  Qualitatively  they  do  not  differ  from  corr-e.-ncr.  li  ng 
dependences  obtained  for  the  THD. 


Fig.  16.7.  Fff.-ct  of  :-i 

of  flight  on  the  effi¬ 
ciency  of  the  ramjet 
engi ne . 


It  is  easy  to  determine  that  the  total  efficiency  ri,)t  which 
characterizes  the  economy  of  the  ramjet  engine,  reaches  a  maximum 
on  flight  speeds  greater  than  those  at  which  the  specific  fuel 
consumption  becomes  minimum. 

Actually,  from  formula 


it  follows  that  the  specific  fuel  consumption  readier,  a  minimum  at 
such  a  value  of  Mq  number  at  which  the  first  derivative  «/»l  clJV  -*  const 
and  the  second  derivative  d:i\Jd\’s  becomes  zero,  i.e.,  at  the  inflectii 
point  of  the  curve  >|o  =  ^ / IM0) .  on  its  left  branch. 


Consequently,  for  the  ramjet  engine,  as  in  all  Jet  engines 


The  maximum  MQ  number  of  flight  at  which  the  specific  thrust  of 

the  ramjet  engine  becomes  zero  proves  to  be  greater,  the  higher  the 

temperature  T ,  and  the  less  the  coefficient  of  losses  of  total 
j  « 

pressure  For  usual  values  of  oj  and  when  T ^  -  1000-?000®K  the 

magnitude  For  an  ideal  ramjet  engine  (oj|  ■  1)  and 

In  the  3ame  range  of  values  f-,  magnitude  Mft  ■  I1.5-6.5  (Fig. 

j  u  max 

16.3).  Thus,  tie  range  of  rational  use  of  the  ramjet  engines,  which 
operate  on  kerosene,  for  J^<2000*K  is  limited  by  numbers 


Pig.  16.8.  Effect  of  T*  on  MQ 

»nd  M0  MX  <»!  ■  »>• 


Figure  16.9  gives  values  of  the  maximum  possible  specific  thrust 

or  an  ln*'3l  ramjet  engine,  obtained  at  optimum  values  of  Mrt  and  at 
•  •  u 
different  Ty  As  we  see,  when  T 3  •  2000®K,  *0(opt)  ■  2.3  and 

o£  ■  1  we  obtain 


which  Is  considerably  lower  than  the  level  of  maximum  possible 
specific  thrusts  of  the  TRD  and  TRDP. 

Such  property  of  the  ramjet  engine  is  explained  by  the  fact 
that  the  maximum  possible  specific  thrust  of  tho  ramjet  engine  Is 
obtained  at  considerable  supersonic  flight  speeds,  l.e.,  at  much 
greater  values  of  input  pulse  than  those  for  the  TRD  and  TRDF. 
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.Similar  characteristics  of  other  types  of  Jet  engines,  charac¬ 
teristics  of  the  ramjet  engines,  are  subdivided  in  throttle,  high- 
s;  <•.  J  and  altitude.  Characteristics  of  the  ramJt-S  urine  In  a 
certain  extent  arc  determined  by  accepted  programs  of  control. 

16.11.1.  Peculiarities  of  Programs  of  Cord  rol  of  the 

Hamjet  Engine 

The  basic  parameters  of  the  working  process  of  the  ramjet 
engine,  which  determine  its  thrust  and  specific  fuel  consumption, 
are  compression  ratio  and  gas  temperature  behind  the  combustion 
chamber  These  parameters  of  the  ramjet  engine  are  th< 

determining,  ones,  and  in  the  first  place  they  are  sulject  to  control. 

Instead  of  t.}  the  coefficient  o'*  air  surplus  a  can  (>••  select'  : 

by  the  controllable  parameter.  At  tne  assigned  M  number  of 
•  l' 
magnitudes  7’^  and  a  are  uniquely  connected  to  each  other;  the  latter 

follows  from  expression 

T\  K  i  .  (16.15) 

Convenience  of  the  selection  of  a  as  the  controllable  parameter 
is  that  It  determines  the  performance  of  the  combustion  chamber  and, 
consequently,  the  possibility  of  providing  stable  an  I  optimum 
conditions  of  its  operation. 
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Instead  of  ir  ,  as  the  controllable  parameter  parameter  can 
be  selected,  which  determines  the  performance  of  the  diffuser  and , 
consequently,  losses  in  it. 

Other  controllable  parameters  can  be  gas  expansion  ratio  in  the 

» 

Jet  nozzle  p^/p coefficient  of  flow  of  the  diffuser  $  and  others. 
The  corresponding  regulating  factors  are: 

'-'i  fuo  t  consumption  G  per  second; 

2)  critical  section  of  the  Jet  nozzle  fP.r«Nr>’. 

3)  expansion  ratio  of  the  supersonic  part  of  the  Jet  nozzle  /;//,. p; 

M  "throat"  section  of  the  diffuser  f  and  so  on. 

Elements  of  control  of  the  ramjet  engine  are  the  regulator  of 
fuel  feed  and  also  regulators  of  the  Jet  nozzle  and  diffuser. 

Since  the  regime  of  operation  of  the  ramjet  engine  with  fixed 
.’come try  is  determined  by  one  parameter,  then  it  has  a  unique  control 
element  -  regulator  of  fuel  feed.  The  ramjet  engine  of  a  multi- 
regime  aircraft  has  two  and  more  control  elements. 

The  following  programs  of  control  of  a  Dingle-regime  ramjet 
engine  ar*.  distinguished: 

I)  K  =-con*l;  2)«— con*!;  3)  — contl. 

The  control  of  one  parameter,  for  example  7*, 

causes  a  simple  change  in  other  parameters  -  a  and  Xj*  *hich  now 
will  no  lon.ier  be  the  independent  determining  magnitudes. 
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Programs  of  control  of  the  multi-regime  ramjet  engine  with 
partial  control  are: 

» 

1)  T=  const  and  A,  =  const; 

i  <- 

2)  a  *  const  and  Ap  =  const. 

16.4.2.  Control  of  a  Single-Regime  Ramjet  Engine 

« 

The  program  of  control  T ^  -  const  automatically  provi  tin 
obtaining  of  maximum  thrust  of  the  ramjet  engine  at  all  speeds  and 
altitudes  of  flight.  However,  its  realization  in  a  wile  range  of 
numbers  MoC-M^pi  is  not  possible. 

Actually,  from  the  equation  of  flow,  written  for  4h  •'xhnu.'t 
section  of  the  Jll’fuser  and  critical  section  of  the  Jet  no.:::!", 


we  f 1 nd 


y^p  /iV(**>* 


-■vr/ 


►ft 


r^\r!, 


_  /»__ 


( 16.16) 


From  the  ol  rained  expression  (16.16)  it  follows  that  the 
conservation  of  T ^  •  const  with  a  decrease  In  th**  .Ma  <.'>*»*  numbers 
(l.o.,  with  a  decrease  In  T* )  leads  to  a  considerable  lowerli.  of 

H 

the  value  of  parameter  ^(A^),  which  ultimately  will  lead  to  unstable 
operation  of  the  auperjor.lc  diffuser. 

i’he  program  ■  const  (<?,-.  A,)  proves  to  be  nor*-  rational. 

The  Conservation  of  A0  ■  const  with  operation  of  the  diffuser  In 
supercritical  regimes  automatl cally  provides  Its  steady  operation 

and  also  high  values  of  t  and  n  .  For  the  realization  of  this 

•  A 

[ rorram,  the  temperature  T ^  must  be  lowered  with  a  decrease  In  the 
M  number  of  flight.  It  Is  natural  that  this  will  l'*ad  to  a  relative 
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cl.; "jjt  decay  of  the  ramjet  engine  in  comparison  with  the  program 

• 

? .  *  const. 

16.4.3.  Control  of  the  Multi-Regime  Ramjet  Engine 
Realization  of  the  program 

ktm(-on<t  and  7»-»ron*t 

!r,  o  r:. 'lea  jat  with  the  help  of  two  independent  regulators 

G,  » 7j  and  /kf  * 

When  M,  <•"<*>»  the  Jet  nozzle  should  be  opened  slightly 
l'.P  /T'n  s:  cc*M|. 

Actually,  when  $(X.)  ■  const  and  f  •  const  the  gas  temperature 
•  *  KP 

T ^  drops  with  a  lowering  of  flight  speed.  In  order  to  pass  through 

the  critical  section  of  the  nozzle  the  came  mass  flow  of  gas  at  a 

higher  temperature,  the  nozzle  must  be  opened  slightly. 

Realization  of  the  program  of  control 

).i»conftt  and  a -const 

Is  not  difficult  and  is  produced  with  the  help  of  the  same  control 
elements,  l.e., 


Of— a  and  .Jb* 

From  expression  (16.16)  It  follows  that  with  a  decrease  In 
flight  speeds  the  gas  temperature  also  must  drop. 

16.4.4.  Throttle  Characteristics 

Throttle  characteristics  of  the  ramjet  engine  are  dependences 
of  thrust  and  also  3peclfl  .-  .'1  consumption  with  gas  temperature  at 
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the  exit  from  the  combustion  chamber  at  the  assigned  pro-gr  e-i 
control  and  constant  values  of  speed  and  altitude  of  flight. 

Throttle  characteristics  can  also  he  .!iuwn,  t  •  1*  ;  1 

of  specific  fuel  consumption  on  the  degree  of  throttling  of  'nr,-'.. 

Figure  lb. 10  gives  a  model  throttle  characteristic  of  a  ramjet 
engine  equipped  with  an  adjustable  Jet  nozzle. 


f< M  L 


J  is 


Fig.  16.10.  Throttle  char¬ 
acteristic  of  the  -eanjet 
engine . 


'■htA'.o 


Let  us  assume  that  the  control  of  gas  temperature  occurs  at 

a  constant  mass  flow  of  gas  (program  of  control  ;  -  const);  for 

•  ' 

this  with  a  reduction  in  T0  the  critical  section  of  the  Jet  nozzle 

j  « 

must  decrease.  In  this  case  a  change  in  will  not  have;  any  effect 
on  the  operation  of  the  diffuser  and  on  the  position  of  the  system 
of  shocks  in  it,  i.e.,  there  will  be  observed  the  cwntitinn 

"const. 

With  a  decrease  in  T ^  the  specific  thrust  and  total  thrust  of 
the  ramjet  engine  sharply  drops.  The  specific  fuel  consumption 
initially  Is  somewhat  lowered  (in  accordance  with  a  certain  Improve¬ 
ment  In  the  total  efficiency),  and  at  a  considerable  decrease  in 
r  tin.-  specific  consumption  sharply  increases.  The  latter  is 
explained  by  the  fact  that  considerable  worsening  of  effective 
efficiency  is  no  longer  compensated  by  the  increase  in  thrust 

efficiency  at  reduced  values  of  . 

t> 
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In  the  case  of  the  unadjustable  jet  nozzle  (program  of  control 

* 

fpc(i.ii»= const)  the  lowering  of  T ^  leads  to  a  growth  in 

16.4.5.  High-Speed  Characteristics 

The  concept  of  high-speed  characteristics  of  all  Jet  engines  is 
identical . 

The  chie^  characteristic  of  the  high-speed  characteristic  of 
the  ramjet  engine  is  the  extraordinarily  intensive  increase  in  thrust 
ith  respect  to  MQ  number  of  flight  (Fig.  l6.ll).  Such  regularity 


Fig.  16.11.  Effect  of  MQ 

number  on  thrust  of  the 
ramjet  engine. 


is  explained  first  by  the  increase  in  specific  thrust  in  the 
considerable  range  of  flight  speeds  (in  contrast  with  other  types  of 
jet  engines  in  which  R is  continuously  lowered  with  an  increase  in 
the  flight  speeds),  and  secondly,  by  the  most  rapid  (of  all  types  of 
jet  engines)  the  increase  in  air  flow  with  respect  to  MQ  number  of 
flight . 


Actually,  from  formula 


(16.17) 


and  Fig.  16.12  it  follows  that  with  a 


iecrease  in  e*n 
hO 


(or  ttJJ0)  down 
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Fig.  16.12.  Effect  of 
it*-  and  M„  numbers  on 

HU  0 

relative  air  flow. 


to  unity  magnitude  G  continuously  increases.  All  tills  lends  to  t 

# 

fact  that  when  T ^  -  1000-2000°K  =  const,  the  thrust  of  the  ramjet 
engine  continuously  increases,  reaching  a  maximum  when  Mr  = 

(see  Fig.  16.11). 

Let  us  examine  high-speed  characteristics  of  the  ramjet  emd 
at  two  different  programs  of  control  (Fig.  16.13  arid  Fir.  1*  .  1  ;i )  : 


])  7’  =  const  and  X  ,  =  const: 

3  2 


2)  u  *  const  and  A„  =  const. 


niiiii 


g  —  r/-7jw:rrn 

£y»  /p„ - rf-r.jf  / 

$  tF  i  f — i  -  y 

gf*!  20  y. 

s*  „;i  Im;.':*.'' 


fM- 

!  U 


JJ//5 


4  J  ffMtf 


Fig.  16.13 
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Fig.  16.14. 


Fig.  16.13.  High-speed  characteristic  of  the 
ramjet  engine  (T*  =  const). 

Fig.  16. 14.  Comparison  of  high-speed  charac¬ 
teristics  of  the  ramjet  engine  at  two  differ¬ 
ent  programs  of  control. 


Let  us  assume  that  when  MQ  *  3  (for  T ^  »  2000°K  and  o  *  1.5) 
both  programs  coincide,  and,  consequently,  the  engines  develop  equal 
thrusts  and  have  Identical  specific  fuel  consumption  (see  Fig.  16.H0. 

» 

In  the  region  of  numbers  MQ  <  3,  where  T ^  is  almost  not  lowered 
when  a  -  const,  curves  R  and  C  with  respect  to  both  programs  are 

m  ** 

distinguished  little. 

t 

In  the  region  of  large  MQ  (>3)  numbers,  where  T ^  intensively 

increases  when  a  ■  const,  the  thrust  of  the  ramjet  engine  continuously 

« 

Increases.  In  the  case  of  the  program  T ^  »  const  the  thrust  of  the 
ramjet  engine  initially  Increases,  and  then  when  MQ  ■  having 

leached  a  maximum,  begins  to  drop. 

In  accordance  with  different  regularities  of  the  change  in 

thrust  in  terms  of  the  Mn  number  curves  of  specific  fuel  consumption 

«  u 

are  deformed:  when  T ,  ■  const  the  magnitude  C  _  proves  to  be 

i  yA 

substantially  greater  than  when  a  ■  const  (when  the  thrust  is  higher). 


PART  FIVE 

DUCTED-FAN  ENGINES 
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CHAPTER  17 

BASIC  PRINCIPLES  OP  THE  OPERATION  AND 
CLASSIFICATION  OP  AIRCRAFT 
DUCTED-FAN  GAS  TURBINES 


17.1.  Concept  on  Ducted-Fan  Aircraft 
Gas-Turbine  Engines 

The  ducted- fan  gas-turbine  engine  (DGTD)  is  a  gas-turbine 
engine  whose  thrust  is  created  in  two  gas-air  circuits  (channels). 
Used  as  the  first  circuit  of  such  an  engine  is  the  standard  (i.e., 
single-circuit)  turbojet  engine.  The  second  circuit  is  either  a 
ramjet  engine,  or  a  Jet  connected  to  engine  (by  means  of  a  propeller, 
fan,  compressor  or  ejector).  The  Jet  can  be  free,  i.e.,  it  does 
not  nave  rigid  walls  limiting  its  circuits;  it  also  can  flow  in  a 
special  channel,  which  has  a  profiled  intake  and  exhaust  Jet  nozzle. 

Between  circuits  of  the  engine  an  exchange  of  energy  is  usually 
accomplished.  The  most  effective  method  of  energy  exchange  is  the 
transmission  of  mechanical  energy  from  the  first  circuit  to  the 
second  with  the  help  of  a  turbine,  which  rotates  a  screw,  fan  or 
compressor.  Accordingly,  the  ducted-fan  gas  turbine  is  called  a 
turboprop ,  turbofan  or  ducted- fan  turbojet  engine. 

In  the  presence  of  a  considerable  temperature  gradient  between 
flows  of  gas  in  the  circuits  energy  exchange  by  means  of  heat 
transfer  in  the  regenerator  or  recuperator  is  possible. 
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The  exchange  of  mechanical  and  thermal  energy  between  tr  ' 
circuits  can  also  occur  by  means  of  direct  contact  of  gas  flows  - 
with  the  help  of  the  mixing  of  flows  in  a  special  chamt  >r  or  ejector. 
Accordingly,  turbojet  engines  with  ejector  thrust  !'oo.'>  --iv  and 
ejector  turbojet  engines  are  distinguished. 

17.1.1.  Classification  of  Ducted-Fan  Gas  Turbine.; 

Figure  17.1  gives  the  classification  of  ducted-fan  gas  turbines 
with  respect  to  the  principle  mass  transfer ,  i.e.,  depending  on 
the  correlation  of  masses  of  the  working  medium  flowing  in  the  cir¬ 
cuits.  The  ratio  of  the  connected  mass  of  gas  in  the  second  circuit 
to  the  initial  mass  of  gas  of  the  first  circuit,  or  bypass  ratio  y, 
can  be  changed  in  wide  limits  from  zero  (single-circuit  TRD)  up  to 
500-1000  (helicopter  turboprop  engine). 


Fig.  17.1.  Classificaticn  of  ducted- 
fan  gas  turbines  according  to  the 
principle  of  mass  transfer. 

In  contemporary  aircraft  turboprop  engines,  through  the  area, 
marked  by  the  propeller  there  passes  air  of  50-iro  times  more  than 
that  through  the  main  gas-turbine  circuit.  The  bypass  ratio  of 
ducted-fan  TRD  varies  over  wide  limits  from  0.25  to  10-12.  In 
special  turbofan  adapters  of  lift  engines  the  bypass  ratio  y  reaches 
IO-15. 

Reference  of  the  turboprop  engine,  turbofan  engine  and  ducted- 
fan  jet  engine  to  one  class  of  ducted- fan  gas-turbine  engine  are 
logically  substantiated  in  that  with  an  increase  in  the  bypass 
ratio  (at  the  assigned  available  work  of  the  cycle  of  the  gas 
generator)  compression  ratio  of  the  compressor  of  the  second  circuit 
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is  continuously  lowered.  In  this  case  the  compressor  consecutively 
turns  into  a  fin 4  propeller  in  ring,  and  in  the  limit  "degenerates" 
into  the  aircraft  (helicopter)  propeller. 

Another  principle  of  classification  depending  on  the  method  of 
energy  exchange  is  assumed  as  the  basis  of  Pig.  17.2. 


Pig.  17.2.  Classification  of  ducted-fan  gas 
turbines  according  to  the  principle  of  energy 
exchange. 


An  example  of  a  ducted-fan  gas  turbine  without  energy  exchange 
is  a  combination  of  a  TRD  and  ramjet  engine-turboramjet  engine  (TPD) . 

The  ducted-fan  gas  turbines  are  distinguished  from  each  other 
also  by  the  degree  of  energy  exchange  between  the  stages;  the  latter 
can  change  from  zero  (when  the  circuits  are  energy-free)  up  to  unity 
(when  all  the  available  energy  of  the  first  circuit  is  imparted 
to  the  second).  It  is  obvious  that  in  the  last  case  the  first 
circuit  does  not  create  thrust  and  also  serves  only  as  an  energy 
generator  for  the  second. 

Thus,  the  characteristic  indicator  of  the  ducted-fan  TRD  is  the 
presence  of  two  separate  (partially  or  completely)  gas-air  channels 
(gas-turbine  and  fan)  with  components  of  thrust  in  each  of  them, 
between  these  channels  (circuits)  there  is  energy  exchange,  and 
various  correlations  are  possible  between  masses  of  flowing  gases  and 
various  degrees  of  transmissions  of  energy  from  the  first  circuit 
to  the  second. 
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In  many  ducted-fan  gas  turbines  the  thrust  of  the  second  circuit 
Is  created  as  a  result  of  the  realization  of  the  *  n- ei ,  rs;ni  r  eye’.- 
w.uleh  eonists  of  processes  of  .’em!  >*■  '  ■  .•  ■ 

expansion  and  removal  of  heat.  fhe  work  o.'  t ol  s  as  final 

result  is  used  for  the  acceleration  of  flow  an  1  stair.':.-  f  thrust. 

Tie  pnyr.ical  model  of  the  formation  of  torus t  >f  th>-  .••cond 
circuit  in  the  turboprop  engine  (TVD)  is.  dis  tiie-a  l  sisal  from  tint 
described  above.  The  propeller  *-f  the*  turbopre:  <.  -1  ,  r«  •tins 

with  Its  rotation  considerable  masses  of  air,  directly  imparts 
acceleraticn  to  It.  Thus ,  the  propeller  thrust  of  in-  turhor  mr 
engine  is  generated  as  a  result,  of  tie  act  lor.  i  a-  r  iy:.a:\!  ’  for--  s 
applied  to  blades-,  of  the  propeller  arid  not.  as  a  result  of  tin-  action 
of  thermodynamic  processes  separated  along  tne  rout  <  r  mot  I-  :.  <  f 
I:.-  "i...  For  this  Vi  :  y  r<*nson  4  lar-l  )j  itr  < 
an  engine  of  mixed  thrust. 

If.?.  iflnclple  of  the  Addition  of  muss  'Mass. 

Transfer)  In  the  Ducted-Fan  Jet  fcnglnc 

The  addition  to  the  basic  engine  (or  circuit.)  of  additional 
masses  of  the  working  medium  with  the  transmission  1 o  them  of  energy 
makes  it  possible  to  increase  the  total  thrust  of  t  In  power  plant  an  1 
le  crease  to-  specific  fuel  consumption.  This  is  t!.<  Pis  is  m-unl  ns, 
of  the  use  of  rhe  s>  ’iroull  of  the  engine. 


At  tne  as.  Lgn-.d  magnitude  of  th  meclianical  era  :v;y  obtained 
Inside  tic’  engine  an  a  thermal  machine,  the  thrust  of  the  engine 
appears  greater,  the  greater  this  energy  is  imparted  to  the  mass.  of 
the  working  medium,  in  other  words  the  more  the  additional  (’•'jesting/ 
propelling  agent  of  the  mass.  This,  principle  is  sailed  the  ><ri  neLplv 
of  mass  addition  (mass  transfer)  in  a  ducted-fan  Jet  engine. 

For  proof  of  this  important  position,  let  us  produce  a  comparison 
of  two  oropell  ing,  agents  with  different  mass  consumption  per  second 
of  the  workinr  medium  (Fig.  17.3).  such  propelling  agents  can  lie: 
propeller,  rocket  engine.  Jet  engine,  second  circuit  of  a  ducted-fan 
jet  engine  and  so  on. 


Fig.  17.3.  A  comparison  of 
two  propelling  agents:  1  - 
Jet  engine;  2  -  propeller. 


! ■  r  us  designate  by  symbols  V  -  flight  speed,  and  a?  - 
•  latlve  velocities  of  air  directly  behind  the  first  and  second 
propelling  agents,  respectively;  G ^  and  G ^  —  consumption  of  air 
through  the  propelling  agent  per  second  respectively. 

Let  us  assume  now  that  in  both  propelling  agents,  for  the 
creation  of  work  of  Jet  thrust,  the  same  quantity  of  mechanical 
(kinetic)  energy  is  expended,  i.e., 

/C.-Kt-K. 


or 


G, 


M-v.)  (c?-v») 


(17.1) 


Let  us  assume  that  Gf>Gt;  then  t*<Ci  and  Aci-ca— V<AC|“C|— V,  i.e., 
at  equal  expenditure  of  kinetic  energy  the  greater  additional  mass 
of  gas  obtains  less  acceleration. 

Let  us  now  compare  thrusts  of  both  prop'  agents. 

We  have 


/?,  =2i-(r1-V')  and 
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whence 


flj  f7,  - 1  ) 

«m  (fi  -  »*»  * 


he-  fin  j  fro-  1  at  I  r.  '17.1) 

o',  K 
o,  (*■■-!'?) 

and  lot.  us  s  nl  stl  tistf  It  Into  exp  rc.v  1  .m  O  7 .  ?  ) . 
7: ion  a ft  ei*  s  Ir.pl  1  f!  cat  Ion,  we  alt  a  In 

w,  r,  +  r  ^  . 

#1  +  v'  ' 


dins,  the  1.  ss  the  acceleration  c  1‘  the  audit  I<n.i  ma.  1  • 

worki.nr  medium,  the  more  the  thrust  of  the  propelllnr  a  a  t  it  . 


/?:>/?!• 


Thrust  a upnentat  1  nn  of  the  propelling  .a rent  with  rr>  it  r 
addibl  i.al  muss  I.-  expl.ul  I  i  y  tie.-  f-  *t  t  ha*  1 1  .  ”  !  ♦  ••  •’  r  •' ! 

of  pas  behind  the  propelling  apent  la  decreased  more  a  lowly  tnan  the 
man:;  of  the  working  medium  connected  by  It  ip  ere  fine.". . 


It  la  easy  to  see  from  relations  (17.3)  and  (17.'!)  that  with 
a  decrease  In  f'llpht  speed  the  effect  of  the  Increase  In  thrust 
Increases.  It  ary  ears  the  pr-.ut  o.:  t  with  operation  of  the  em'Irie  on 
a  test  stand  ( V  =  l);  in  this  case 


*L 

*1 


/£■ 


(17.5) 

(17.6) 
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Thus,  on  a  test  stand  (F  ■  0)  the  thrust  of  the  propelling  agent 
increases  directly  proportional  to  the  square  root  of  the  magnitude 
of  ti.e  mass  of  working  medium  rejected  by  it.  For  example,  if  the 
fl  ~w  of  working  medium  through  the  propelling  agent  is  increased 
four  times,  the  velocity  of  outflow  behind  the  propelling  agent  wi ’ 1 
re  reduced  two  times:  the  thrust  of  the  propelling  agent  in  this 
case  Increases  two  times. 

Expression  (I7.li)  in  the  general  case  of  flight  ( V  >  0)  can  he 
~!v  .  a  clear  physical  Interpretation. 

N  ticing  that  the  thrust  efficiency  of  the  propelling  agent  Is. 
••>aual  to 


1* 


TV 

~t  +  V 


wo  obtain 


rm  — ‘IL .  (17.7) 

Hi  V  a*,,, 

Tnus,  a  deceleration  in  outflow  behind  the  propelling  agent 
loads  to  an  increase  in  thrust  efficiency.  An  increase  in  the  latter 
is  caused  by  i.  lowering  of  losses  of  kinetic  energy  at  the  exit 
from  the  engine.  Actually,  from  the  equation  of  balance  of  energy  of 
the  propelling  agent 


WoriTof 

thrust 


<£Ln”lG 

it 


^  c  --  a  ir  ~K>I 


it 


Lost  kinetic 
energy 


nrust 


Ion 
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It  follows  that  an  increase  in  thrust  efficiency  and  also  total 
thrust  of  the  propelling  agent  is  explained  by  the  lowering  of  total 
losses  of  kinetic  energy  with  the  exit  velocity 


Let  us  note  that  a  decrease  in  the  Increase  in  velocity  of  gas 
inside  the  engine  (Ac  =  c— V)  with  an  increase  in  the  additional  mass 
denotes  also  a  continuous  drop  in  specific  thrust  of  the  propelling 
agent . 

Since  the  hourly  fuel  consumption  of  a  jet  engine  as  a  thermal 
machine  when  the  addition  of  an  additional  mass  of  the  working 
medium  remains  constant,  and  the  thrust  of  the  engine  increases,  then 
the  specific  fuel  consumption  is  lowered  inversely  proportional  to 
its  increase;  in  this  case 


n? i  _ __ R i_ _ fj  + 

Cy  (|)  #1  'I  +  »' 


Thus,  the  final  result  of  the  addition  of  additional  masses  of 
the  working  medium  of  the  propelling  agent  is  an  increase  in  economy 
of  the  engine,  i.e.,  a  lowering  of  specific  fuel  consumption.  The 
Increase  in  thrust  of  the  engine  is  a  partial  result  of  the  use  of 
a  highly  productive  propelling  agent.  With  the  addition  of  additional 
air  masses  it  is  possible  simultaneously  to  decrease  dimensions  of 
the  engine  so  that  its  thrust  remains  constant  or  Is  even  decreased 
in  comparison  with  its  initial  value.  However,  the  specific  fuel 
consumption  of  the  engine  in  this  case  all  the  same  is  redu-ed,  and 
the  more  intensive  this  is,  the  more  added  is  the  mass  of  the 
propelling  agent.  Thus,  principle  of  mass  transfer  can  be  formulated 
thus:  at  the  assigned  magnitude  of  meohanioal  energy  obtained  inside 

the  jet  engine  as  a  thermal  machine,  the  specific  fuel  consumption  of 
the  engine  will  be  less,  the  more  the  additional  mass  of  the 
propelling  agent,  and,  consequently ,  the  higher  the  thrust  efficiency . 

Let  us  specify  now  how  the  absolute  value  of  flight  speed 
affects  principle  of  mass  transfer  formulated  above.  With  an 
increase  in  the  flight  speed  and  at  an  invariable  magnitude  of 
expended  mechanical  energy,  i.e.,  when  Lg  *  const,  the  specific 
thrust  of  any  propelling  agent  drops.  The  drop  in  specific  thrust 
there  is  faster,  the  less  its  absolute  value  on  the  test  stand 
(Fig.  17.^),  i.e.,  the  less  the  energy  quantity  (L^)  obtains  1  kg 
of  working  medium. 
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Pig.  17. Effect  of  work  of  th^ 
cycle  on  the  drop  in  specific 
thrust  of  the  propelling  agent 
with  respect  to  flight  speed. 


Thus,  at  the  assigned  magnitude  of  additional  mass  the  thrust 
of  the  propelling  agent  in  flight  proves  to  be  considerably  less 
than  that  on  the  test  stand;  correspondingly,  the  effect  of  the 
Increase  in  thrust  with  an  increase  in  productivity  of  the  propelling 
agent  is  lowered.  The  latter  also  follows  from  expression  (17.7). 
Actually,  with  an  increase  in  flight  speed  thrust  efficiency 
increases.  However,  when  its  initial  value  is  great  (i.e.,  is 
little  distinguished  from  unity),  then  it  is  obvious  that  further 
deceleration  behind  the  propelling  agent  by  means  of  the  addition 
of  additional  air  mass  can  no  longer  considerably  increase  nff. 

The  presence  of  inevitable  losses  with  energy  exchange  and 
conversion  of  mechanical  energy  into  work  of  the  jet  thrust  can  lead 
to  the  fact  that  at  considerable  flight  speeds  the  propelling  agent 
with  great  additional  mass  will  develop  substantially  less  thrust. 

17.3.  Principle  of  Energy  Exchange  in  the  Ducted-Fan 
L  Jet  Engine 

Thus  far  we  have  examined  how  the  quantity  of  gas  mass  connected 
by  the  propelling  agent  affects  the  thrust  and  specific  fuel 
consumption  of  the  engine;  in  this  case  we  assumed  that  a  fixed 
quantity  of  energy  externally  are  fed  to  this  mass. 

Now  we  will  examine  the  effect  of  energy  exchange  between 
circuits  on  the  thrust  of  the  engine  and  specific  fuel  consumption. 
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We  will  assume  that  the  correlation  of  gas  flow  In  Uu  circuits 
(  I  . e .  ,  bypass  ratio  of  the  engine)  remain:;  constant. 

!<■ ' t  ur.  assume  that  velocities  of  the  outflow  of  ras  fr 
initial  energy-free  circuits  are  preset.  The  transmission  of  energy 
from  tin  first  circuit  (with  great  available  effective-  work)  to 
the  second  circuit  Increases  the  velocity  of  outflow  of  pas  fr  mu  the 
second  circuit;  simultaneously  the  velocity  of  outflow  of  teas,  from 
the  first  circuit  is  low-  rod.  Thu,;,  the  specific  and  total  thrust, 
of  the  second  circuit  (user-  of  energy)  increase,  and  Ur-  sp"e’fic 
and  total  thrust  of  the  first  circuit  (source  of  energy)  are 
de c  reused . 


When  velocities  of  outflow  from  the  initial  circuits  are 
■•onsi  i'-rubly  different  from  each  other,  the  transmission  of  energy 
in  the  second  circuit  leads  to  an  increase  in  total,  specific  and 
total  thrust  of  the  engine. 

The  latter  is  explained  in  that  with  energy  exchange  velocities 
of  outflow  from  the  first  circuit  alouly  decrease ,  and  velocities  of 
outflow  from  the  second  circuit  rapidly  increase . 

Ttius,  tiie  total  specific  and  total  thrusts  of  the  engine 
Initially  Increase,  reaching  a  maximum  value  at  a  certain  optimum 
magnitude  of  the  transfer  energy  (optimum  degree  of  energy  exchange) 
further  transmission  of  energy  into  the  second  circuit  will  lead  to 
the  lowering  of  the  total  thrust  of  the  engine. 

Figure  17.5  shows  the  effect  of  the  degree  of  energy  exchange 
x  on  the  velocity  of  outflow  of  gas  from  the  first  and  second 
circuits  of  a  ducted-fan  jet  engine  and  also  on  the  change  in  total 
tiirust  of  the  engine. 

In  the  absence  of  losses  connected  with  the  transmission  of 
energy  from  the  first  circuit  to  the  second,  maximum  thrust  of  the 
ducted-fan  jet  engine  is  obtained  when  the  velocities  of  expiration 
from  the  circuits  are  identical,  I.e.,  when 
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Pig.  17.5.  Effect  of  the 
degree  of  energy  exchange  x 
on  thrust  of  a  ducted-fan 
engine  and  velocity  of  out¬ 
flow  from  the  first  and 
second  circuits  of  the 
engine . 


In  the  real  case  when  part  of  the  energy  fed  into  the  second 
circuit  is  expended  for  overcoming  the  losses  (t|n<l,0),  maximum  thrust 
of  the  ducted-fan  Jet  engine  is  obtained  at  less  magnitude  of  the 
transferred  energy;  in  this  case  the  optimum  velocity  of  outflow 
*'rom  the  second  circuit  proves  to  be  less  than  the  optimum  velocity 
of  outflow  from  the  first  circuit: 


<r«.  (17.10b) 

The  energy  exchange  between  circuits  is  rational  only  when  there 
exists  a  considerable  difference  between  initial  velocities  of  gas 
outflow  from  both  circuits.  In  that  case  when  velocities  of  outflow 
of  gas  from  both  circuits  are  equal,  the  energy  exchange  leads  only 
to  a  drop  in  total  thrust  of  the  ducted-fan  Jet  engine  and  to  an 
increase  in  C 

yfl 

Thus,  the  principle  of  energy  exchange  can  be  formulated  in 
the  following  manner:  the  minimum  epecifia  fuel  consumption  of  the 
ducted- fan  jet  engine  can  be  reached  at  optimum  distribution  of 
energy  between  both  circuits  when  the  ratio  of  velocities  of  outflow 
of  gas  from  circuits  c^/o^  i..  numerically  equal  to  the  efficiency 

of  the  energy  exchange . 
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17.**.  Principle  of  Operation  of  Ducted-Pan  Knglrio . 

Classification  of  the  Ducted-Fan  Engj_rio 

The  d'jcted-fan  TRD  Is  a  turbojet  engine  whose  timuri  ap|  ■  •  t re:  in 
two  circuits. 

In  Chapter  <4  It  was  shown  that  jet  thrust  is  generated  wiien 
a  certain  mass  of  gas,  In  passing  through  a  gas-air  channel  (circuit) 
of  an  engine,  accomplishes  a  thermodynamic  cycle,  and  as  a  result  of 
tills  it  obtains  acceleration.  For  realization  of  the  thermodynamic 
cycle  in  the  second  circuit  there  is  a  compressor,  which  Is  rotated 
from  a  common  or  separate  turbine  arranged  inside  the  basic,  first, 
circuit.  Thus,  the  power  of  the  gas  turbine  of  the  ducteu-l’an 
engine  is  equal  to  the  sum  of  the  power  of  compressors  installed  in 
noth  circuits ,  i  . e . , 


AWki+AU. 

To  provide  good  economy  at  subsonic  flight  speeds,  and  also 
to  obtain  a  low  specific  weight  the  contemporary  serial  ducted-fan 
engines  have  at  the  assimilated  level  of  the  bypass  ratio 
( y  =  0. 6-2.0)  values  raised  in  comparison  with  the  TRD  of  compression 
ratio  of  the  compressor  of  the  first  circuit  (a*,  =14:- 20)  and  gas 
temperatures  in  front  of  the  turbine: 


on  takeoff .  7^j^»  1300 1 100°K; 

in  flight . .  r,.M00>  1250  K. 

Such  parameters  of  the  working  process  provide  the  obtaining 
of  better  foreign  serial  ducted-fan  jet  engine  (Rolls-Royce  Spey, 
Pratt-Whltney  JT8D-1)  of  low  values  of  specific  fuel  consumption: 

on  takeoff  <//»0,  MflwOj .  CfA  -0,38^0,60  kg/(kgf*h); 

in  flight  (HmU  km;  ,M»0,8) .  .  .  Cyx~  0.76^-0,78  kg/(kgfh). 


Since  on  the  turbine  of  the  ducted-fan  jet  engine  there  occurs 
an  Increased  pressure  differential  in  comparison  with  the  TRD,  and 


the  greater,  the  more  the  bypass  ratio  of  the  ducted-fan  Jet  engine, 
then  the  pressure  and  temperature  of  the  gas  at  the  entrance  into 
the  Jet  nozzle  of  the  first  circuit  of  the  ducted-fan  Jet  engine 
proves  to  be  substantially  lower  than  that  of  the  TRD.  The  gas 
pressure  behind  the  compressor  of  the  second  circuit  of  the  ducted-fan 
engine  usually  is  little  distinguished  from  its  value  behind  the 
turbine.  Thus,  the  velocities  of  the  outflow  of  gas  from  Jet  nozzles 
of  the  ducted-fan  engine  prove  to  be  by  far  lower  than  those  of  the 
TRD,  not  exceeding  when  y  ■  1-2  magnitude  of  400-500  m/s.  At  large 
values  of  th<_  bypass  ratio  ( y  ■  6-8)  velocities  of  outflow  from 
•ircuits  of  the  ducted-fan  engine  are  lowered  down  to  magnitude 
200-250  m/s. 

The  compression  ratio  is  usually  selected  so  that  the  total 
air  pressure  behind  compressor  of  the  second  circuit  is  equal  to  the 
total  gas  pressure  behind  the  turbine.  This  provides  approximately 

a  minimum  specific  fuel  consumption  of  the  ducted-fan  engine  at  a 

* 

sufficiently  low  specific  weight  of  the  engine.  For  values  T  ^  and 
.ij,  ,  named  above,  and  also  y  *  1-2,  this  condition  limits  magnitude 
n’„  by  values  of  1,8-$- 2,7.  At  high  bypass  ratios  ( y  *  6-8) 

magnitude  is  lowered  down  to  1.4-1. 5.  This  means  that  pressure 
i als  in  Jet  nozzles  of  the  ducted-fan  engine  on  a  test 
stand  ( V  ■  0 )  will  be  subcritical. 

When  engine  is  designed  for  supersonic  flight  speeds  (Mfl  =  2.2 
to  3.5)  and  must  develop  high  thrust  for  rapid  passage  through  the 
speed  of  sound  and  exit  into  the  cruising  regime  of  flight,  the 
ducted-fan  engine  is  equipped  with  an  afterburner  installed  in  the 
second  circuit  or  a  common  afterburner  installed  behind  the  confusion 
chamber  of  the  engine.  The  common  afterburner  provides  the  greatest 
increase  in  thrust.  The  absence  of  revolving  elements  behind  the 
chambers  of  the  DTRDF  allows  when  necessary  reaching  the  gas 
temperature  at  the  exit  from  the  chambers  up  to  maximum  high  values 
( 2000°K)  and  more)  provide  high  expiration  velocities  of  gas  (1000 
to  1300  m/s). 
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For  an  increase  in  the  economy  of  the  DTRDF  when  operation  In 
i  oo:', t  regime:',  compression  ratio  of  the  compressor  of’  Ur-  second 
-■ircutt  must  ho  increased.  The  forcing  ol*  thrust  in  (  !c  recti.) 
circuit  or  in  two  circuits  requires  the  use  of  adjustable  Jet 
nozzles  (/  =  var  and  f^/f  ■  var). 

At  present  abroad  there  are  being  developed  and  conducted  test:; 
of  ducted-fan  TRD  with  forced  values  of  parameters  of  the  working 
process:  r.')C)-  1400^-1530° K;  \'„o,  =  20-r 27;  y~ 6-S-8.  Such  ducted-fan  engines, 

calculated  at  subsonic  flight  speeds,  will  have  very  good  economy 


with  operation  on  a  test  stand  £ 


0.25-0. 35  kg/(ksf-h) ]  and  in 


the  cruising  regime  of  flight  [C  =  0.58-0. 05  kg/(kgf • h ) ] . 

y  a 

Figure  17.6  shows  the  change  in  gas  parameters  in  both  circuit's 
of  a  ducted-fan  engine  in  the  presence  of  additional  fuel  combustion 
and  with  its  absence. 
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Fig.  17.6.  Diagram  of 
a  ducted- fan  engine  and 
change  in  gas  parameters 
in  both  circuits  of  the 
engine:  1  -with  addi¬ 

tional  fuel  combustion; 

2  -  in  the  absence  of 
additional  fuel  combus¬ 
tion  . 
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17. 4.1.  Designs  of  the  Ducted-Pan  Engine 


There  Is  a  large  variety  of  structural  and  gas-dynamic  designs 
of  the  ducted-fan  engine  (Pig.  17.7),  including  these:  with  a  front 
and  rear  disposition  of  the  fan;  with  complete  and  partial  division 
of  gas-air  channels  (circuits);  single,  double  and  triple-shaft; 
with  a  different  number  of  combustion  chambers  (forcing)  and  so  on. 


Fig.  17*7.  Diagrams  of  the  ducted-fan 
engine:  a)  diagram  of  a  single-shaft 
ducted-fan  engine  with  complete  divi¬ 
sion  of  flows  in  the  circuits;  b)  diagram 
of  a  two-shaft  ducted-fan  engine  with  a 
common  ND  compressor  and  separate  exhaust 
(ducted- fan  engine  with  front  turbofan 
adapter);  c)  diagram  of  a  two-shaft 
ducted-fan  engine  with  a  common  ND  com¬ 
pressor,  mixing  chamber,  afterburner  and 
common  exhaust;  d)  diagram  of  a  two-shaft 
ducted-fan  engine  with  a  rear  turbofan 
adapter;  e)  diagram  of  a  three-shaft 
ducted-fan  engine  with  a  common  ND  com¬ 
pressor  and  separate  exhaust. 


engine;;  made  according  to  these  designs  can  substantially  be 
distinguished  from  each  other  by  their  operational  eharaetorl  st.i  os , 
i‘:'.|)f-'Cia  ll.v  In  partial  load  regimes,  and  also  by  p  enl  lari  ties  *>f  r.  tic-  i 
arrangeinoni  on  an  aircraft. 


The  us-.-  of  a  design  with  rear  disposition  of  the  fan  makes  It 
possible  to  create,  during  a  brief  time,  on  the  basic  of  single- 
circuit  THb  well-recommended  in  operation,  ducted- fan  engines 
(General  Electric  CJ80S-23  and  CF700 ) .  in  this  design  the-  ventilator 
and  ND  turbine  are  united  in  one  rotor  and  have  combined  blades, 
whose  outlying  (fan)  part  is  separated  by  a  shroud  from  the  root 
(turbine)  part,  Guch  blades  (Fig.  17.8)  are  greatly  loaded  and 
operate  in  loaded  conditions. 


r 


Fig.  17.8.  Blade  of  a  free  tur- 
bofar.  of  the  engine  General 
Electric  CJ805-23. 


With  the  front  disposition  of  the  fan  the  external  diameter  of 
the  engine  is  less.  New  ducted-fan  engines  are  mostly  made  with 
front  disposition  of  the  fan  and  with  a  short  air  channel  of  the 
second  circuit. 


The  ducted-fan  TRD  can  have  completely  separate  gas-air  channels 
(separate  inlets,  compressors,  combustion  chambers,  jet  nozzles) 
or  several  oommon  elements  (for  example,  common  inlet,  common  ND 
compressor,  mixing  chamber,  common  afterburner  with  a  jet  nozzle). 

! 

The  ducted-fan  TRD  is,  as  a  rule,  two-shaft.  At  very  high 
values  of  the  compression  ratio  (.i*s  =20-f-27)  and  bypass  ratio  (j/^3-j-G) 
the  ducted-fan  engine  is  made  in  a  three-shaft  design  (engines 
Rolls-Royce  RB.178,  RB.207  and  RB.211,  and  also  RB.203  "trent"  (see 
Fig.  2.] 7).  Ln  this  case  the  single-stage  fan  is  single-shaft  and 
tht  gas  generator  of  the  basic  circuit  -  two-shaft. 

Such  a  design  substantially  improves  the  operational  properties 
of  the  engine  (facilitates  starting,  lowers  the  specific  fuel 
consumption  in  partial  load  regimes,  increases  margins  of  drag  of  the 
compressor)  and,  specifically,  makes  it  possible  by  means  of  adjust¬ 
ment  of  the  number  of  revolutions  of  the  fan  to  reduce  the  level  of 
noise  produced  by  it  (upon  landing). 

17. 4.2.  Several  Design  Peculiarities  of 
Elements  of  the  Ducted-Fan  Engine 

Design  peculiarities  of  elements  of  the  ducted-fan  engine  are 
determined  by  a  variety  of  designs  of  the  engine;  they  have  a  con¬ 
siderable  effect  on  the  characteristics,  specific  weight,  technologi¬ 
cal  effectiveness  of  production,  peculiarities  of  operation  and 
other  properties  of  the  engine. 

17.4.2.1.  Fan. 

One  of  the  most  complex  problems  in  aircraft  compressor  manu¬ 
facturing  is  the  creation  of  high-pressure  transonic  fan  stages  with 
blades  of  great  elongation  (It/h^ G)  and  with  a  small  hub-tip  ratio 
(H -.-</„/(/„=*  0.25-0.3).  These  stages  must  be  of  low  weight,  have  high 
efficiency  and  not  be  subjected  to  the  effect  of  auto-oscillation  (of 
the  "flutter"  type).  Such  fan  stages  of  the  ducted-fan  engine  at 
present  are  being  developed  (for  example,  the  ducted-fan  engine 
Pratt-Whitney  JT3D-1  and  Roll.- -Payee  RB.211). 
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When  the  designer  strives  to  Isolate  flows  In  both  circuits 
from  each  other,  the  fan  blades  are  made  with  a  dividing  flange.  It 
i  •’  s'  tiiougn  such  blades  form  two  autonomous  compressors  -  external 
and  Internal,  with  various  characteristics.  Separating  flang.es 
complicate  the  design  and  technology  of  production,  but  then  they 
Increase  the  dynamic  strength  of  the  blades. 

Common  blades  of  the  fan  (compressor)  possess  the  valuable 
property  of  tiie  flexibility  of  adjustment,  specifically,  the  ability 
to  redistribute  automatically  the  total  flow  of  air  between  circuits 
in  partial  load  regimes,  which  improves  the  operational  properties 
of  the  engine. 

Very  Ion/’;  blades  of  the  fan  possess  the  deficiency  which  hampers 
th"  obtaining  of  uniform  aerodynamic  load  along  the  radius  (as  a 
result  of  a  considerable  change  in  circumferential  velocities).  In 
this  cnr,"  the  peripheral  part  of  them  is  streamlined  by  supersonic 
fl  <w  ml  hub  (root)  part  -  subsonic. 

All  this  requires  the  use  of  special  methods  of  profiling  of 
the  blades  and  complicates  their  design  and  production. 

The  fans  of  the  ducted-fan  engine  with  a  high  bypass  ratio 
(ij  ~  b-li  and  thrust  R  =  1 8-P2  T  have  an  external  diameter  of  up  to 
2.5  in  (Fig.  17.9). 


Fig.  17*9.  Fan  of  ducted-fan 
engine  Pratt-Whitney  JT9D-1 
(y  =  5) . 
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Gas  Turbine . 


At  equal  thrusts  and  identical  parameters  of  the  working  process 
the  gas  flow  through  the  turbine  of  the  ducted*fan  engine  is  always 
Less  than  that  of  the  TRD.  This  causes  less  dimensions  of  the  blade':; 
of  the  turbine  of  the  ducted-fan  engine.  The  indicated  fact  hampers 
'he  design  fulfillment  of  a  reliably  operating  system  of  cooling  of 
the  blades  of  small  ducted-fan  engines. 

Because  .f  the  high  expansion  ratio,  the  efficiency  of  the 
'  ui'L  ine  of  the  ducted-fan  engine  is  always  r  ore  than  that  of  the  TRD; 
it  reaches  a  value  of  n*  *  0.93-0.99.  The  quantity  of  stage:;  of  the 
turbine  wh'-n  y  ■  6-8  reaches  6-9. 

17.9..?.  3.  Mixing  Chamber. 

The  use  of  the  mixing  chamber  in  nonforced  and  forced  (in 
both  circuits)  ducted-fan  engines  makes  it  possible  to  simplify  and 
reduce  weight  of  the  exhaust  part  of  the  engine  and  system  of  its 
control.  As  regards  the  Improvement  of  the  economy,  then  at  the 
best  (with  effective  displacement  of  flows)  it  is  possible  to  reduce 
the  specific  fuel  consumption  by  1-1.5$.  Usually,  they  are  limited 
by  the  use  of  short  lobe  mixers,  with  the  help  of  which  not  so  much 
the  mixing  of  the  flows  is  provided  as  their  unification  (Fig.  17.10). 


Fig.  17.10.  Lobe  mixing 
chamber  of  the  engine  Rolls- 
Royce  RB.191. 
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17.  Afterburner. 


In  contrast  to  afterburners  of  the  TRD,  the  chamber  of  the 
ducted-fan  engine  is  characterized  by  a  very  considerable  fuel 
consumption  and  by  the  need  in  its  control  in  very  wide  limits.  The 
Indicated  circumstance  is  explained  by  the  great  interval  of  preheat  in 


(7*  —  tV'Jjitpj  >  (7$--  7*1  )tpj, 


and  also  the  high  values  of  bypass  ratio  used.  This  determines  the 
complexity  of  design  of  the  fuel  sprayer  of  the  DTRDF  and  systems  of 
their  control. 

The  presence  of  the  external  (cold)  air  circuit  creates  the 
inai"  possibility  of  providing  effective  cooling  of  walls  of  the 
combustion  chamber  and  also  unit  of  the  sprayer  and  frontal  device 
of  the  chamber. 


The  degree  of  forcing  of  the  DTRDF,  especially  with  a  common 
afterburner,  at  equal  values  of  T*  is  by  far  more  than  that  of  the 
TRD;  this  circumstance  gives  the  DTRDF  the  advantage  in  all  cases 
when  a  considerable  increase  in  thrust  (takeoff,  passage  through 
Mq  =  1.0,  maximum  velocity,  etc.). must  be  provided. 

Between  the  afterburner  (or  mixing  chamber)  and  the  jet  nozzle 
it  is  convenient  to  install  a  thrust  reverser  of  the  lattice  type. 

At  a  high  bypass  ratio  a  reverser  of  the  bucket  type  is  more  expedient 
(Fig.  17.11). 


Fig.  17.11.  Thrust  reversers  of  the  ducted-fan  engine  Pratt-Whitney 
JT  3D-1. 
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17.  **.2. 5.  Jet  Nozzles. 


1'n  ducted-fan  TRD  Jet  nozzles  with  oblique  section  are  widely 
used.  Since  the  expansion  ratios  in  the  jet  nozzles  of  the  ducted- 
fan  engine  are  less  than  those  of  the  TRD  (at  equal  values  of 
it#  )  ,  then  losses  of  thrust  from  incomplete  expansion  will  also  be 

H  X 

less  than  those  in  the  ducted-fan  engine. 

Figure  17.7a,  b,  c,  d,  and  e  show  basic  diagrams  of  the  ducted- 
fan  TF":  use  a  abroad. 

17.5.  Thermodynamic  Cycle  of  the  Ducted-Fan  Engine 

* 

The  thermodynamic  cycle  of  the  ducted-fan  TRD  is  a  combination 
and  aggregate  of  cycles  which  are  accomplished  in  both  circuits  of 
the  engine.  It  is  characterized  by  the  following  peculiarities, 
which  include: 

1)  the  presence  of  one,  two  or  three  sources  of  heat  (depending 
on  the  quantity  of  combustion  chambers  in  the  circuits); 

2)  the  existence  of  energy  exchange  (in  the  form  of  mechanical 
work)  between  working  media  of  the  circuits; 

3)  in  general,  various  correlations  between  masses  of  the  working 
medium  in  the  circuits. 

Thermodynamic  cycles  in  the  circuits  are  the  successive 
alternation  of  processes,  as  a  result  of  which  the  working  medium, 
because  of  the  feed  of  the  external  energy  in  the  form  of  heat  or 
mechanical  work,  continuously  accomplishes  useful  work  in  the  form  of 
a  certain  increase  in  kinetic  energy  of  the  effluent  gas. 

To  determine  velocities  of  outflow  from  the  circuits  and, 
consequently,  specific  thrusts,  a  sequential  examination  of  processes 
which  are  accomplished  in  both  circuits  is  necessary.  To  estimate 
the  thermodynamic  effectivene -a  of  the  engine,  the  cycle  of  the 
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ducted-fan  engine  as  a  whole  must  be  examined:  compare  the  total 
tractive  work  and  total  increase  in  kinetic  energy  of  the  gas  with 
the  total  quantity  of  heat  fed  during  the  cycle. 


Figure  17.12  shows  the  actual  thermodynamic  cycle  of  the  first 
circuit  of  the  ducted-fan  engine  (0-l-2*-3-4*-5"*" )  in  the  ( i/A)-s 
coordinates  for  the  general  case  of  flight  {V  >  a^).  It  is 
distinguished  from  the  cycle  of  the  usual  TRD  by  the  peculiarity  of 
the  expansion  process:  the  total  power  of  the  turbine  is  equal  to 
the  sum  of  the  powers  of  the  compressors  established  in  both  circuits, 
i  .e.  , 


.Vt  =  jVk  1  +  ;V,;  II, 


(17.11a) 


or 


G|f.j  =  GiLh  i+  GiiLu  ul 

whence  we  obtain,  having  divided  all  terms  of  the  equality  by  , 

Li=LKt+yLuu=Lri+Lrn,  (17.11b) 

where  LKt,  A.,. ,,  —  the  work  expended  for  the  compression  of  1  kg  of 
gas  in  the  compressor  of  the  first  and  second  circuits  respectively; 

L n.  ^Tii—  the  work  of  the  turbine  expended  for  driving  compressors  of 
the  first  and  second  circuits  respectively. 


Fig.  17.12.  Real  thermodynamic 
cycle  of  the  first  circuit  of 
the  ducted-fan  engine. 
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Figure  17.12  shows  changes  in  the  total  energy  of  1  kg  of  gas 
occurring  in  basic  elements  of  the  first  circuit,  and  kinetic  energi^; 
of  entering  and  outgoing  jets  of  gas  corresponding  to  these  changes, 
works  of  the  compressor  and  of  turbine,  quantity  of  fed  and  removed 
neat . 


Let  us  write  the  equation  of  energy  for  sections  0-51  of  the 
flow  of  gas  of  the  first  circuit  of  the  engine. 

VJ«-  have 


q\-\-ALkX-AL^ep(T\-T^^[c»-V^  (17.12) 

Noticing  that  Lt  —  Lkl  =  Lril  and  ?ji=  r/>(7's  — To),  let  us  writ- 

V”>.  07.  U) 

From  expression  (17.13)  it  follows  that  for  the  assigned 
t.hermodynamic  cycle  of  the  first  circuit  and,  consequently,  for  the 
assigned  quantities  of  the  fed  (<?*)  and  removed  (<?jj)  heat,  an 
increase  in  kinetic  energy  in  the  first  circuit  is  less,  the  greater 
the  energy  Lrn,  removed  for  rotation  of  the  compressor  secondary 
circuit . 

Let  us  denote 


</!  —  <7n  =  Al.,, 


where 
TRD . 


available  useful  work  of  the  cycle  of  the  initial 


Then 


e»-Vi 

2 U 


^ill  —  ^r(l)» 


(17.1*0 
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or,  having  denoted 


we  obtain 


^"V~~==(1  — *U*.  (17.15) 

where  x  -  degree  of  energy  exchange  between  the  circuits;  L& ^ ^  - 
increase  in  kinetic  energy  of  the  first  circuit  of  the  ducted-fan 
engine  (useful  work  of  the  cycle  of  the  first  circuit). 

Figure  17.13  shows  the  real  thermodynamic  cycle  of  the  second 

circuit  of  the  ducted-fan  engine  without  fuel  combustion  in  the 

II  II 

second  circuit  (0-1-2  -5'  )  and  with  fuel  combustion 

(0-l-2II-3II-5jI) •  Here 

0-l-2Ii  —  process  of  compression  in  the  second  circuit; 

-  process  of  heat  feed  in  the  second  circuit; 

II  II 

2-5  \  _  processes  of  expansion  in  the  jet  nozzle  of  the 

_ ,  0II  CII  I  second  circuit. 

ana  $  -t. 

0 


Fig.  17.13.  Real  thermodynamic 
cycle  of  the  second  circuit  of 
the  ducted-fan  engine. 
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Let  us  now  write  the  equation  of  energy  for  sections  0-511  of 
the  flow  of  gas  of  the  second  circuit  of  the  ducted-fan  engine.- 

We  have  in  general 

cp(Ti  ru)-i-^<rr-F2).  (17.16) 

Noticing  that  7i!=^l7,5l  —  Tu) -■  heat  removed  during  the  cycle,  we 

wri  x  ■: 

i.113  t/*»| 

(<?!—  v!!)  +  ^Bll«i4 — ~—  =  AI.,tuu  (17.17) 


where  I-  -  useful  work  of  the  cycle  of  the  second  circuit. 

From  expression  (17.17)  it  follows  that  for  the  assigned 
thermodynamic  cycle  of  the  second  circuit  and,  consequently,  for 
assigned  values  and  the  greater  the  increase  in  kinetic 

energy  in  the  second  circuit,  the  more  the  energy  Lkh  transferred 
to  compressor  (to  the  fan). 

When  in  the  second  circuit  external  heat  feed  (?{'~0)  is  absent, 
the  increase  in  kinetic  energy  of  the  gas  is  always  less  than  the 
energy  fed  from  the  first  circuit.  Part  of  it  is  expended  for  the 
preheating  of  the  gas  (conditioned  by  hydraulic  losses)  with  passage 
of  it  through  the  circuit. 

Thus 


fSS 

<  £«ll. 


(17.18) 


In  the  particular  case  when  in  the  second  circuit  the  energy  is 
not  fed  to  the  gas  either  in  the  form  of  heat  or  in  the  form  of  work, 
the  equation  of  energy  assumes  the  form 
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(17.19) 


2 g 


-cJTl' -T0). 


Since  in  real  processes  of  compression  and  broadening,  because 
of  the  presence  of  friction,  the  entropy  increases  and  heat  content 
of  the  gas  rises  ( r!'> T0) ,  then  the  kinetic  energy  of  flow  of  the  energy- 
free  circuit  can  only  decrease  {c|‘< V7) .  In  this  case  the  second  circuit 
creates  a  negative  thrust 


-O' -<■"). 

£ 


(17.20) 


17.5.1.  Fundamental  Equation  of  Balance  of 
Work  of  the  Second  Circuit  of  a 
Ducted-Fan  Engine 


From  the  equality  of  powers  of  the  compressor  and  turbine  of 
the  second  circuit 


Nku^Ntiu 


or 


G\\L*n  — G|£rii« 


it  follows  that 


(17.21) 

Substituting  we  obtain 

*,11“  Lt.  (17.22) 

Equations  (17-21)  and  (17.22)  are  called  equations  of  the 
balance  of  works  of  the  turbocompressor  of  the  second  circuit.  They 
establish  the  connection  between  compression  degree  of  the  compressor 
of  the  second  circuit  and  parameters  y  and  x,  which  characterize, 
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respect lively ,  the  distribution  of  mass  of  the  working  medium  and 
available  energy  between  the  circuits. 

17.5.2.  Bypass  Parameters 

Parameters  *  and  y,  or  parameters  iTii  and  y,  are 

caused  by  the  presence  of  the  second  circuit  of  the  jet  engine.  Let 
us  call  them  bypass  parameters.  They  can  be  changed  in  a  wide  range 
of  values: 


0  <[  x  <  1,0;  0<y<oc\  1 ,0  <  •\u  <  ii0)« 

Of  three  parameters  it*ttj  *  and  y  any  two  are  independent  parameters 

K  X  X 

and  the  third  —  a  derivative  of  these  two. 

17.5.3.  Determination  of  Parameters  of  the  Working 
Process  in  Characteristic  Sections  of  the 
Ducted-Fan  Engine 

We  will  consider  as  assigned  parameters  of  the  initial  TRD  the 

* 

ignitudes  it*  and  T  ,  as  assigned  parameters  of  second  circuit 

H  j  *11  *11 

.ucted-fan  engine  of  magnitudes  ir*^,  y  and  *  2^  (if 

additionally  fuel  burns)  and  as  assigned  parameters  of  flight 

magnitudes  MQ  and  H. 

17.5.3.1.  First  Circuit. 

The  determination  of  parameters  in  sections  l1,  21  and  31  ir 
produced  just  as  it  is  in  corresponding  sections  of  the  TRD. 

Parameters  of  gas  at  the  exit  from  the  turbine  of  the  ducted-fan 
engine . 

Let  us  reduce  the  equation  of  the  balance  of  power  of  the  turbine 
and  compressors  of  the  ducted-fan  engine  to  the  form 


where 


L#ii 


102,5 


Then  the  stagnation  temperature  behind  the  turbine  can  be  found 
with  the  help  of  the  energy  equation 


kt 

l)R* 


(17.23) 


The  expansion  ratio  of  gas  in  the  turbine  tt*  is  easily  found  from 
the  work  equation  of  the  turbine 

/-,«=  11  STltrf,  ( I7.pt ) 


where 


I 


-/(•A 


Then  the  total  pressure  behind  the  turbine  will  be  determined 
from  expression 


n 


Velocity  of  outflow  from  the  Jet  nozzle  of  the  first  circuit. 
We  have 


r*rs»p.«i  / 23107-}'.,,,;. 


(17.25) 


,1 _ 

*  _o.*i  • 

Vi 


•  • 

•VitlV.r 


p» 
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where 


17.5.3.2.  Second  Circuit. 

Determination  of  parameters  in  sections  1,  2**  and  311  is 
produced  Just  as  in  the  corresponding  sections  of  the  TRD. 

Velocity  of  outflow  from  the  Jet  nozzle  of  the  second  circuit. 

For  the  case  of  fuel  combustion  in  the  second  circuit 

fit  =vc,i^23l0r;V„.  (17.26) 


where 


t  *  . 

“ 1  let*  * 

r  Yell 

^p.ell  *SJT»nIii*ii* 


In  the  absence  of  heat  feed  into  the  second  circuit 


c*  •*i,f.,ii  y  20iorj,*«r.(n, 


(17.27) 


where 


T\"\ 


tI+ 


102,5  ’ 


•p.eir 


1  *_ 

‘ 1  _«.!•*•  • 

■”p.ell 


The  determination  of  magnitudes 

J*p.»| (^p.eP'  *p  clll*p.cl|) 


is  conveniently  produced  by  tables  of  gas-dynamic  function 
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for  *r=-l,33  and  kr~  1,4. 


Concept  of  the  efficiency  of  the  second  circuit. 


Prom  an  examination  of  the  thermodynamic  cycle  of  the  second 
circuit  (without  heat  feed)  (see  Pig.  17.13)  it  follows  that  the 
kinetic  energy  of  1  kg  of  the  effluent  gas  jet 


L 


pn  - 


c 


in 

s 


2  K 


is  always  less  than  the  energy  expended  for  the  compression  of  1  kg 
of  gas: 


'•cii  —  f-kii  i  2ft  ' 

Let  us  call  the  ratio  of  the  obtained  useful  work  of  expansion 
to  the  expended  work  of  compression  of  1  kg  of  gas  in  the  second 
circuit  the  efficiency  of  the  second  circuit  of  the  ducted-fan  engine, 

i  .  e  .  , 


ipn 

*cll 


(17.28) 


It  is  approximately  equal  to  the'  work  of  the  efficiency  of 
processes  of  compression  and  expansion  in  the  second  circuit. 
Actually , 


% 


ljj.piirli'H  ^V* 

/  r'll 

Hell 


Wen =«  Wen¬ 


dy. 29) 
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Magnitude  a1  usually  does  not  exceed  1.01-1.04  (Pig.  17.14); 
with  the  approach  of  itJjj  and  n*jj  to  unity  the  coefficient  a  also 
approaches  unity. 

Thus , 

(17.30) 

At  subsonic  flight  speeds  the  efficiency  of  compression  is 
littl*  distinguished  from  the  efficiency  of  compressor  of  the  second 
circuit.  With  Mg  ■  0  we  have  »|.  ii<i|*ll  ;  with  an  increase  in  MQ 
magnitude  ijcii  slowly  increases  (Pig.  17.15). 

Pig.  17.14.  Determination 
of  correction  coefficient 
a . 


Pig.  17.15.  Effect  of  M  number 
of  flight  on  I'M. 


U,J!=as!l 

r»u  ’Vll  l  *ii  J 
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The  efficiency  of  expansion  of  the  second  circuit  in  the  absence 
of  additional  hydraulic  losses  on  the  section  between  the  compressor 
and  Jet  nozzle  is  equal  to: 


*Vii 


(17.31) 


On  the  test  stand  for  ij*  =0,82-5-0,86;  <fllc  =  0,97-=-0,98  we  find  nTj  =  0.75 
to  0.80. 


17.5.3.3.  Determination  of  Velocities  of 
Outflow  of  gas  with  the  Help  of  Bypass 
Parameters. 


Solving  equation  (17.15)  with  respect  to  we  obtain 

rl~  (17.3?) 

Similarly,  from  equation  (17.28)  we  find 


■:'= / -*(£“<+ '£) 


(17.33) 


or 


(17.3^) 


Thus,  the  lower  the  efficiency  of  the  second  circuit,  the  less 
the  velocity  of  outflow  from  it. 

17.8.  Basic  Parameters  of  the  Ducted-Fan  Engine 

Rate  of  air  flow. 


G  =  Gi+Gji=*Gj(1+j/). 


(17.35) 
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Thrust . 


Let  us  call  thrust  of  the  ducted-fan  engine  the  sum  of  jet 
thrusts  of  the  first  and  second  circuits  of  the  engine,  i.e., 


*=#«  +  #.  i. 


or 

/?=  4*  C  ||#y,||. 


or 


/?= C| 


(17.36) 


where 


ft  j  and  ftyfl  -  specific  thrusts,  respectively,  of  the  first  and 
.second  circuits. 

Then 


('•-»')]•  (17.37) 


Specific  thrust. 

Let  us  call  the  specific  thrust  of  the  ducted-fan  engine  the 
thrust  referred  to  1  kg  of  total  air  flow  through  the  engine,  i.e., 

n _ ft  Rt  •*-  ftll 

a  ot  +  <;»  ’ 

or 
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(17.38) 


Ryut  +  1/R'mii 
1  +  y 


Fuel  consumption  per  second. 

Gt  =  G-,1  +  Gin. 


(17.39) 


Fuel  consumption  per  1  kg  of  total  air  flow. 


in. 


I  _  Or  _  fit!  *r  Otll 


tt/o  Of 


(l,  +  «|| 


or 


m. 


"h  4-  ym ii 
1+* 


(17.40) 


where 


jfi  Om  ^(rr-^. 
'  0.  ’ 


m. 


Gut  .  ><M.(ry-rn 


Oil 


U!c". 


Specific  fuel  consumption. 


C, .  -  3600  = 3600  -  .",  +  yw» 

^jr«  ffyti  +  yRjtu 


(17.41) 


Increase  In  the  kinetic  energy  In  the  ducted-fan  engine 
referred  to  1  kg  of  total  air  flow. 


\K 


&K]  +  ±Kn 


>+* 


* 


(17.42) 


where 


A/r, 


rl*— V'a 

^  • 

u  ' 


A*„ 


cy-V* 
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External  heat  referred  to  1  kg  of  total  air  flow. 


«L+ff!L 


l+»  ’ 


(17.43 


where 


tL-'-Sr (if-  if);  ,» -  rn. 

5k.«  %u»t 


''i.rust  efficiency. 


*yxV  (Ry«  +  U*y*ll)y 
IK  “  iK|  +  |fA*|i 


(17.44) 


Effective  efficiencj 


1m  1 1.+  Mm 


(17.45) 


Total  efficiencj 


,  RyxV  (*yx,  +  lt*y»n)V  t 

_ - -|— -n - A 


fU+ffi; 


(17.46) 


Frontal  thrust. 


The  use  of  the  second  circuit  in  the  ducted-fan  engine  Is 
frequently  connected  with  an  increase  in  external  diameters  of  the 
engine  and  of  nacelle  of  the  engine;  therefore,  to  estimate  the 
effectiveness  of  the  ducted-fan  engine  frontal  thrusts  of  the 
ducted- fan  engine  and  TRD  must  be  compared. 

Let  us  call  frontal  thrust  of  the  ducted-fan  engine  the  thrust 

p 

referred  to  1  m  mid-section  of  the  engine, 

n  ■  ,  ^ 


J 


Assuming  that  the  mid-section  of  the  ducted-fan  engine  is 
determined  by  overall  dimensions  of  the  compressor,  and  considering 
that  the  axial  velocities  of  flow  at  the  entrance  into  the-  compressor: 
of  the  first  and  second  circuits  are  equal  to  each  other,  let  us 
write 


where 


/.= 


gVt] 


mp\lO>  i) 


=^0 


?(*,)=</(>!)=<?  0");  /.=/{+/!': 


then 


Rt  .  6  — 


/?vAm^(X|) 

Vt\ 


(1  -o- 
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CHAPTER  18 

THERMODYNAMIC  PROPERTIES  OF  NONBOOSTED  AND  BOOSTED 
DUCTED-FAN  ENGINES 

18.1.  Effect  of  Bypass  Parameter  on  Specific 
Parameters  of  Nonboosted 
Ducted-Fan  Engines 

Let  us  examine  the  thermodynamic  properties  and  peculiarities  of 
a  ducted-fan  TRD,  the  effect  of  bypass  parameters  and  working  process, 
and  also  flight  speed  on  specific  parameters  and  efficiency  of  the 

engines . 


18.1.1.  Dependence  of  Total  and  Specific 
Thrust  of  the  Ducted-Fan  Engine  on 
Bypass  Parameters  and  Cycle 

Let  us  express  the  specific  thrust  of  the  ducted-fan  engine 

„  **  I  + 

1+* 

in  terms  of  parameters  of  the  cycle  and  bypass,  having  used  relations 
(17.33)  and  (17.3^). 

For  the  general  case  of  flight  (F  >  0)  the  specific  thrust  of 
nonboosted  ducted-fan  Jet  engine  is  equal  to: 

+,[^V ;  (le.D 
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In  the  particular  case  of  operation  of  the  ducted-fan  engine  on 
a  test  stand  ( V  =  0),  we  obtain 

#*‘"SiT7»(vS»r:^+»  j/2t'f ( 1B- 2 ; 

Let  us  also  write  the  expression  of  total  thrust  of  the  non- 
boosted  ducted-fan  engine 

or 

« -j-  [(V* ( I  —  a)  L,  r  V1  -  v )  + 
a  \ 

+  !/[[/ (2 ~V\‘  (18.3) 

Formulas  (18.1)  and  ( 1 8 . 3 )  make  it  possible  to  investigate  the 
effect  of  bypass  parameters  on  specific  and  total  thrust,  and  also 
specific  fuel  consumption  of  the  nonboosted  ducted-fan  engine  at 
assigned  parameters  of  the  cycle  and  flight.  In  other  words.,  they 
make  it  possible  to  compare  the  basic  thermodynamic  indices  of 
effectiveness  (/?)V  R,  CVA)  of  the  "original"  one-circuit  THU  and 
endless  quantity  of  "derived"  ducted-fan  TRD,  which  are  distinguished 
from  each  other  by  values  of  bypass  parameters  y  ,  x  and 

Concepts  of  "derived"  ducted-fan  engine  and  "original"  TRD  are 
not  conditional.  There  exists,  for  example,  a  whole  class  of 
ducted-fan  engines  appearing  precisely  on  the  basis  of  the  assigned 
TRD  with  tne  help  of  the  addition  of  the  rear  turbofan  adapter  (for 
example,  General  Electric  CJ  805-23  and  CF700  engines).  The  derived 
ducted-fan  engine  and  original  TRD  formed  in  this  manner  have  an 
Identical  rate  of  air  flow  through  the  basic  circuit  and  also  identi¬ 
cal  parameters  of  the  working  process  in  this  circuit. 


For  any  nonboosted  ducted-fan  engine  (independently  of  its 
design),  it  is  always  possible  to  find  the  original  TRD  if  we 
mentally  reject  the  second  circuit  with  stages  of  the  compressor 
established  in  it  and  decrease  the  quantity  of  stages  and  work  of 
the  turbine.  Such  a  comparison  of  the  ducted- fan  engine  and  TRD  is 
the  natural  and  initial  method  of  their  comparison  with  respect  to 
thermodynamic  parameters. 

18.1.2.  Most  Advantageous  Distribution  of  Effective 
Work  Between  Circuits  of  the  Nonboosted 
Ducted-Fan  Engine 


Let  us  assume  that  parameters  of  the  working  process  and 
consequently,  effective  work  of  the  "original"  TRD  is  assigned. 


Let  us  assign  a  certain  value  of  the  bypass  ratio  of  "derived" 
ducted- fan  engines  ( y  *  const).  Let  us  examine  the  effect  of  the 
degree  of  energy  exchange  x  and  parameter  uniquely  connected 

with  it  on  specific  parameters  R  and  C  of  the  engine. 


With  an  increase  in  the  portion  of  work  of  the  cycle  transferred 
to  the  second  circuit,  i.e.,  with  an  increase  in  x,  the  velocity  of 

T 

outflow  of  gas  from  the  first  circuit  is  diminished;  the  velocity 

J  II 

of  outflow  of  gas  from  the  second  circuit  (equal  to  zero  when 
V  =  0  and  x  =  0)  simultaneously  increases.  At  the  assigned  air  flow 
through  the  first  and  second  circuits,  the  total  thrust  of  the 
engine  with  amplification  of  energy  exchange  increases,  since  losses 
of  kinetic  energy  for  the  creation  of  thrust  are  diminished  and 
thrust  and  total  efficiency  of  the  engine  increase. 


The  specific  fuel  consumption  (for  1  kg  of  total  thrust)  in 
this  case  is  respectively  diminished.  The  latter  is  explained  by 
the  fact  that  with  an  increase  in  total  thrust  the  hourly  fuel 
consumption  of  the  gas  generator  in  the  presence  of  energy  exchange 
between  the  circuits  remains  constant. 


At  a  certain  optimum  value  x  (and  tt#^)  the  specific  and 
total  thrusts  reach  a  maximum,  and  then  with  a  further  increase  in 
value  of  x  up  to  unity,  magnitudes  R  and  A  are  :  v.t  i Iw-tc 
According  to  this,  the  specific  fuel  consumption  reaches  a  minimum 
and  then  continuously  increases. 

Let  us  now  find  conditions  of  the  moot  advantageous  distribution 

of  the  available  effective  work  L  between  the  circuits  at  which  the 

e 

specific  and  total  thrusts  of  the  ducted-fan  engine  ron-*1  a  -laximum 
and  the  specific  fuel  consumption  -  minimum  values.  For  this  let  us 
reduce  the  expanded  expression  ( 1 8 . 1 )  for  specific  thrust  of  the 
nonboosted  ducted- fan  engine 


to  the  form 


(lH.il) 


where 


V*flg 


Differentiating  RyA~f{x),  let  us  find  after  simple  conversions, 
using  condition  dRy3Jdx  — 0, 


**opt  “  ^ 


1  +  y  (1-nn) 


nn  — (i  —  mi) 


— f-  nn 

y 
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i  +v*in 


(18. D) 


From  formula  (18.5)  it  follows  that  in  flight  and  with  operation 
on  the  ground  with  an  increase  in  the  bypass  ratio  and  efficiency 
of  energy  exchange,  the  portion  of  effective  work  which  must  be 
imparted  to  the  second  circuit  for  providing  the  greatest  thrust  of 
the  ducted- fan  engine  continuously  increases. 

Value  *  t  corresponds  to  optimum  values  of  work  of  the 
compressor  of  the  second  circuit 


,  V * 

X>kH(0P()  “  n. 


(i  +  *m») 


U 


(18.6) 


Velocities  of  gas  outflow  from  the  jet  nozzles  of  the  first  and 
second  circuits 


B  +  \+T 
i  +  mu 

b+ 1  +  jT 
i  +  wu 


V-, 


(18.7) 

(18.8) 


and  ratio  of  velocities  of  outflow  equal  to 


n„  <  l,  o. 


(18.9) 


This  result  is  very  noteworthy.  It  expresses  the  essence  of 
the  basic  principle  of  energy  exchange  in  the  ducted-fan  engine  (see 
Section  17-3) 

Having  substituted  value  *opt  from  expression  (18.5)  into 
(18.4),  after  several  conversions,  we  obtain  expressions  for  the 
maximum  specific  thrust 


Ruim,)  =-77^— (18.10) 
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and  maximum  total  thrust  of  the  nonboosted  ducted-fan  undine 

~  [  l/(/i  +  i/+  lHH-i/'i,,)  -  (if//)].  n  8  • 11  • ) 

From  expressions  (18.7),  (18.8)  and  (18.10)  it  follow..  ;.t.Jt 
optimum  velocities  of  outflow  from  both  circuits  and  also  specific 
thrust  of  the  ducted- fan  engine,  with  an  increase  in  the  bypass  ratio 
continuously  drop  (Fig.  18.1),  and,  moreover,  the  faster  they  do, 
the  more  the  hydraulic  losses  in  the  second  circuit.  When  j  ~  <J 
expression  (18.10)  turns  into  the  usual  formula  of  specific  thrust 
of  the  THU. 


From  expression  ( 1 8 .  ‘3 )  it  is  evident  that  in  flight  with  a 
decrease  in  b  (i.e.,  witli  a  drop  in  L  and  wit.),  an  increa  e  in 
flight,  speed)  the  optimum  value  of  the  coefficient  of  d i .•  t  *•  i  m i  1  on 
of  energy  continuously  drops,  approaching  zero.  This  means 

that  witli  an  increase  in  the  flight  speed  for  obtaining  as  large  a 
thrust  as  p r  •  it,].'  mi  the  lesser  part  of  effective  work  must  i  c 
transferred  into  the  second  circuit. 


Fig.  18.1.  liffeet,  of  the  bypass 
ratio  on  optimum  velocities  of  gas 
outflow  from  circuits  of  Mr-  duet  ed- 
fan  engine. 


The  velocity  at  which  x  ,  =  0  determines  the  theoretical 

opt 

limit  of  the  rational  use  of  the  ducted-fan  engine. 


Having  equated  f  0,  we  obtain 


B 


mfn  " 


V*  _  » 


Vi 


in 


1. 


(18.12) 
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whence  it  is  easy  to  find  the  sought  velocity  7^^^. 

The  lowering  of  *Qpt  with  an  increase  in  the  flight  speed  is 
explained  by  the  relative  decrease  in  effectiveness  of  mechanical 
compression  at  high  values  of  the  dynamic  compression  ratio. 

In  the  ideal  case  when  nTT  *  1,  we  find  B  .  =  0,  or  L  =0. 

II  min  e 

In  other  words,  in  the  absence  of  losses  the  energy  exchange  between 
the  first  and  second  circuits  is  effective  in  the  whole  speed  flight 
rar.r-'-  . 


18.1.3.  Optimum  Values  of  Bypass  Parameters  and 
Parameters  of  the  Engine  on  a  Test  Stand 


Let  us  find  now  x  .  when  7 
opt 

expression  (18.5)  the  value  B 


0.  Having  substituted  into 
»  we  obtain 


.r 


opt 


7*ln 

1  +  Kin 


1 


(18.13) 


Optimum  values  of  the  work  of  the  compressor  of  the  second 
eirciuc  and  also  velocities  of  outflow  from  jet  nozzles  of  the 
ducted-fan  engine  on  a  test  stand  (7*0  and  B  *  °°)  are  equal  to 


i«ll<npO  =*  ,  ,  » 

1  +  7*111 

(18.14) 

v  =./rw 

soh>  y  i+,n„ 

(18.15) 

=•-  Hu  1  /  ■ 

#<•70  n"|/ 

(18.16) 

The  expression  for  maximum  specific  thrust  of  the  ducted-fan 
engine  has  the  form 


R 


yJKmm 


/1  +  ynn 
(1  +u) 


Ry*{ip&)  ■ 


(1+7) 


(18.17) 
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correspondingly , 


r  __Cv1(TP.T) 

•'"“'"'"/HjiliV 


(  l  '5.  if') 


18.1.4.  Effect  of  Parameters  of  the  Cycle  ami 
Plight  Speed  on  the  Optimum  Value  of  the 
Bypass  Ratio  of  the  Nonboosted 
Ducted-Pan  Engine 


On  the  test  stand  the  increase  in  the  bypass  ratio  with  optimum 
distribution  of  energy  continuously  lowers  the  specific  thrust  and 
specific  fuel  consumption  of  the  ducted-fan  engine  (Pig.  18..  ). 
Consequently,  when  y  -*■  00  we  have  R ^  -*■  0  and  ■*  0. 


Pig.  18.2.  Effect  of  the 
bypass  ratio  on  specific 
fuel  consumption  of  1 1 10 
due ted- fan  engine  on  a  test 
stand  (Mq  =  0)  and  in 

flight  (Mq  >  0). 


In  flight  the  increase  in  parameter  y ,  as  previously,  continu¬ 
ously  decreases  the  specific  thrust.  The  specific  fuel  cons. umptior 
is  initially  lowered,  reaching  a  certain  absolute  minimum  when 
y  =  yQpt ,  and  then,  with  further  increase  In  y ,  it  increases. 

To  determine  y  ^  let  us  write  the  expression  n )  corre¬ 

sponding  to  the  optimum  distribution  of  energy  between  the  circuits, 


.IfiOOm 


const 


(18.11) 
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The  optimum  value  y ,  which  corresponds  to  the  "minimum 
mlnimorum"  of  specific  fuel  consumption,  can  be  found  from  condition 


Differentiating  the  denominator  of  expression  (18.19),  we  obtain 
after  certain  conversions 


V*,l~  • 


(18.20) 


where 


Prom  expression  (18.20)  it  follows  that  yQ  t  ■  f  {V ,  l&  ,  and 

n-r-r).  With  a  decrease  in  L  .  with  an  increase  in  V  and  drop  in  n T t 
II  e  ’  II 

magnitude  J/opt  is  lowered.  When  V  -  0  (independent  of  Hjj),  and 
also  when  hjj  *  1  (independent  of  V)  we  have  «  ®. 

*.et  us  find  the  significance  B  (and  consequently,  /)  at  which 
^opt  “  °*  ^,e,»  when  the  ducted-fan  engine  degenerates  into  a  TRD. 

Having  equated  yQpt  ■  0  in  expression  (18.20),  we  obtain 

With  rj{,  —  0,85;  rj«  1200*  K;  »i„ -0,8;  a,  -  n#r,  we  find 

0Mia  — 2,28  and 

Figure  18.3  shows  the  change  in  optimum  values  of  bypass 
parameters  x  and  y  on  the  number  of  flight,  and  also  the  relative 
specific  fuel  consumption  corresponding  to  these  changes: 


^y«(JITPfl> 


VB+ 1-1 


'y«  (rain)  C)1(TPB)  ]/(fl  +  I  +  ,.)  (I  +  yt),,)  -  (1  ' 


(IS. 22) 
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r]/V|  'V  : 

ft  /  ^  -  i*  \  ft*--  OZ 

aw  I • 

0  OM  0,3  ii  Vm/ 


Fi  ir .  1  o .  3 .  K  f  f  e  a  a  o  f  !■. , 

number  of  flight  or1,  to 
optimum  values  of  trio 
decree  of  energy  oxehanre 
r  and  bypass  ratio  . 


With  an  increase  in  M„  values  x  ,  and  1/  ,  tend  to  sero  and 

0  opt  -opt 

—  :,o  un;  •  y  ;  t he  '' i;*<"erwration"  of  the  optimum  du  •<  ed-fan  mi.'i  n* 
JA 

into  the  TKL»  at  valued  assigned  above  of  parameters  of  the  tiu-rmc- 

dynamic  cycle  approaches  when  Mn  =1.7. 

u  ms  x 


1 r .  1.5.  Effect  of  Compression  Patio  of 
Compressor  of  the  Second  Circuit  on 
Specific  Parameters  of  the 
Ducted- Fan  Lnr.i  ru- 


Kuril  or*  |  ;*.**«.  equation  (17.22)  j  we  determined  th  it  at  a  fixed 
value  of  th<  bypass  ratio  an  increase  In  tiie  degree  ,f  .  r.i-rry 
exchan.'"  x  leads  to  an  increase  in  compression  ratio  of  tie.1  rorr.prt 


of  the  second  circuit  tt*  T. 

nil 


With  ar.  increase  in  from  unity  to  the  optimum  valu*  iat 


which  x 


x  .  )  t ti e  specific  thrust  of  the  ducted- fan  engine  increases, 

O  |  *  U 


arid  the  specific  fuel  consumption  is  respectively  lowered;  with  a 
furtner  increase  in  tt#^  up  to  a  maximum  value  (at  which  x  =  1)  t.ie 
specific  thrust  of  the  engine  drops,  and  the  specific  fuel  consumption 
increases.  The  optimum  value  tt#jT  (at  which  the  specific  thrust 
readies  a  maximum)  and  the  economic  valu0  (at  which  the  specific 

fuel  consumption  reaches  a  minimum)  coincide,  i.e.,  (Fig.  18.M 


and  a' 


«ll(ep()  *»ll  (••)* 


Pig.  18.4.  Comparison  of  optimum 
and  economic  compression  ratios  of 
the  compressor  of  the  second  circuit 
of  a  nonboosted  ducted- fan  engine. 


Actually,  the  maximum  of  specific  thrust  corresponds  to  a 
maximum  of  total  thrust.  Since  the  hourly  fuel  consumption 
°»i  ~G,i  0^—77)  dePends  on  nSn»  then  the  sPeclfic  fuel  consumption 
in  this  case  will  be  a  minimum. 

Figure  18.5  shows  the  effect  of  compression  ratio  of  the 
compressor  of  the  second  circuit  on  the  specific  fuel  consumption 
of  a  ducted-fan  engine  at  various  values  of  the  bypass  ratio.  At 
small  values  of  y  curve  )  is  very  sloping  and  has  an 

unclearly  marked  minimum.  With  the  increase  in  y  curve  becomes 
more  steep,  and  the  region  of  the  minimum  of  fuel  consumption  is 
decreased,  moving  to  the  side  of  small  values  of 

An  analysis  of  the  effect  of  compression  ratio  of  the  compressor 
of  the  second  circuit  on  the  change  in  parameters  of  the  working 
process  of  a  nonboosted  DTRD  (Fig.  18.6)  shows  that  at  the  optimum 
value  tt*  the  pressure  differential  in  the  jet  nozzle  of  the  second 

H  JL  — 

circuit  is  always  more  than  that  in  the  Jet  nozzle  of  the  first 
circuit,  i.e.,  that  p*t'l>p\l  . 
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expansion  ratio  of  ran  in  .t'1*  r-  Lor 
of  a  ducted-fan  engine:  a  -  gr*'  atest 
economy;  c  -  equality  of  pressures 
in  front  of  the  nozzles. 
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lowering  of  it*Tj  down  to  a  magnitude  at  which  the  equality 
of  total  pressures  in  the  jet  nozzles  of  both  circuits  is  established 

*  T  T  #  T 

i.e.,  r 0  ,  for  small  and  moderate  values  of  t/«2+3)  in 

practice  C  (to  within  0. 5-1.0:?)  increases. 


9 


Since  in  this  case  magnitudes  tt* ^ ^  and  ir«  ^  are  substantially 
lowered,  then  this  leads  to  a  decrease  in  the  quantity  of  stages  of 
the  tur'r  ^compressor  of  the  second  circuit  and,  consequently,  and 
to  a  decrease  ' n  dimensions  and  weight  of  the  engine.  Furthermore, 
the  -  of  total  gas  pressures  in  channels  of  expansion  of  the 

.ueted-fan  engine  in  the  presence  of  the  mixing  chamber  sharply 
decreases  losses  in  the  latter. 


Thus  when  y  <  2-3  it  is  expedient  to  produce  selection  of  the 

computed  value  t#  from  the  condition  of  providing  the  equality  of 
H  I  X 

pressures  for  the  compressor  and  turbine  of  the  second  circuit. 

At  high  bypass  ratios  the  relatively  small  deviation  in 
from  its  optimum  value  sharply  increases  the  specific  fuel  consump¬ 
tion  of  the  ducted-fan  engine;  the  last  circumstance  is  connected 
with  the  considerable  decrease  in  the  velocity  of  gas  outflow  from 
bctr.  circuits  at  s  uncritical  drops  in  pressure.  In  flight  this 
worsening  in  economy  is  aggravated  by  the  increase  in  inlet  pulse. 

1 A .  2 .  Effect  in  Parameters  of  Working  Process  on  the 
Specific  and  Dimensionless  Parameters  of  the 
Ducted-Fan  Engine 

The  effect  of  parameters  of  the  working  process  (compression 
rati*'  of  the  compressor  of  the  first  circuit,  temperatures  of  gas 
in  front  of  the  turbine)  on  the  specific  and  dimensionless  parameters 
in  the  ducted-fan  engine  is  qualitatively  not  distinguished  from 
similar  dependences  for  the  single-circuit  TRD. 

For  conditions  on  takeoff  (K„  *  0  and  H  »  0)  curves  of  specific 

and  dimensionless  narameters  of  the  ducted-fan  engine  and  TRD  are 

» 

distinguishe  ’  only  by  "scale"  -  at  equal  and  T-  the  specific 
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thrust  and  specific  fuel  consumption  of  the  DTRD  in  a  wide  range  of 

parameters  of  the  working  process  are  lower  than  thorn  of  tiv  TRP. 

* 

The  optimum  and  economic  val  u  it#,.  arri  1  for  1  t.  •  -  a:.:  i'hl1 

coincide.  When  L  -+  0  tne  specific  thrusts  of  the  IjTKIj  and  TRP 
simultaneously  approach  zero  and  specific  fuel  consunpt  i ■" ns  - 
infinity. 


18.2.1.  Effect  of  ir*  when  >  f) 

rt  1  0 

Figure  18.7  and  Fig.  18.8  show  the  effect  of  compression  ratio 
of  the  compressor  of  the  basic  circuit  on  specific,  parameters  of  the 
ducted-fan  engine  (y  =  2)  and  TRD  (y  =  0)  when  =  d.'t  tnd  H  -  11  zan. 
The  distribution  of  energy  between  circuits  of  the  ducted-fan  engine 
at  all  values  of  the  gas  parameters  is  accepted  as  np.tir.rjm. 
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Fig.  18.7.  Effect  of  compression 
ratio  of  the  compressor  of  first  cir¬ 
cuit  Tt*j  on  the  specific  thrust  of  the 

TRD  and  ducted- fan  engine. 


An  analysis,  of  expressions  for  the  specific  thrust,  or  the 
ducted-fan  engine  and  TKL  allows  establishing  that  In  flight  the 
specific  thrust  of  the  ducted-fan  engine  becomes  zero  when  the 
available  effective  work  of  the  cycle  still  has  a  substantial  positive 
value  (A  >  0).  The  last  circumstance  is  explained  by  the  consider¬ 
able  effect  of  hydraulic  losses  in  the  second  circuit  at  snail 
values  of  effective  work. 


1J2& 


Fig.  18.8.  Effect  of  it  j  on  specific 

fuel  consumption  of  a  TRD  [TPAl  and 
ducted-fan  engine. 


Thus,  specific  thrusts  of  the  ducted-fan  engine  and  TRD  become 
zero  nonsimultaneous  (see  Fig.  1 8 . 7 ) »  i.e.,  at  different  values  of 
IT#-  • 

Hi 

The  range  of  positive  values  of  specific  thrust  of  the  ducted- 
fan  engine  proves  to  be  less  than  that  of  the  TRD.  This  circumstance 
has  an  effect  on  the  passage  of  curves  of  the  specific  fuel  consum- 
tion.  Curves  Cya=*/(n;,),  plotted  for  the  ducted-fan  engine  and  TRD 
(se*7  7:,b.  18.8),  are  "stratified,"  being  displaced  relative  to  each 
other;  in  this  case  the  economic  value  of  compression  ratio  of  the 
compressor  for  the  ducted-fan  engine  moves  into  the  region  of 
values  it*.  The  range  of  values  in  which  the  specific  fuel 

K 1  “X 

consumption  of  the  ducted-fan  engine  appears  lower  than  that  of  the 
TRD  in  flight  is  considerably  less  than  it  is  on  takeoff.  It  is 
less  the  greater  the  Mq  number  of  flight. 

A  comparative  worsening  of  the  economy  of  the  ducted-fan  engine 
in  the  region  of  very  small  and  very  large  values  tt* -j-  is  explained 
by  the  sharp  worsening  of  effective  efficiency. 

18.2.2.  Effect  of  T*  when  MQ  >  0 

Figure  18.9  and  18.10  show  the  effect  of  gas  temperature  in 

ft 

front  of  the  turbine  T ^  on  sr  'clfic  parameters  of  the  ducted-fan 
engine  ( y  *  2)  and  TRD  ( y  =  0)  when  Mq  =  0.9  and  H  =  11  km. 
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Pig.  18.9.  Effect  of  gas 
temperature  in  front  of 
the  turbine  T*  on  spe¬ 
cific  thrust  of  the  TM) 
and  ducted-fan  engine. 
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Fig.  18.10.  Effect  of  T* 

J 

on  specific  fuel  consump¬ 
tion  of  the  TRD  and 
ducted-fan  engine. 


It  is  characteristic  that  the  specific  thrust  of  the  ducted-fan 

* 

engine  with  a  decrease  in  T ^  becomes  zero  at  a  higher  value  of  gas 
temperature  in  front  of  the  turbine  than  for  the  TRD  (see  Fig.  18.9). 
This  leads  to  "stratification"  of  curves  of  fuel  consumption,  movin'? 
the  "economic"  temperature  of  the  ducted-fan  engine  into  the  region 
of  raised  values  T,  (150-200°).  With  an  increase  in  T ^  the  relative 
economy  of  the  ducted-fan  engine  is  rapidly  Improved  (see  Fig.  18.10). 
The  latter  is  explained  by  the  fact  that  the  transmission  of  energy 
into  the  second  circuit  sharply  increases  the  thrust  efficiency  with 
insignificant  worsening  of  the  effect, ive  efficiency.  In  the  region 
of  low  temperatures  the  worsening  of  the  economy  of  the  ducted-fan 
engine  is  conditioned  by  the  considerable  drop  in  effective  efficiency 

18.3.  Heat  Balance  of  Nonboosted  Ducted-Fan  TRD 

Let  us  examine  diagrams  of  heat  balance  (Fig.  l8.ll)  of  a 
single-circuit  (a)  and  nonboosted  ducted-fan  (b)  TRD  constructed 
for  conditions  of  flight  H  =  11  km  and  MQ  =  0.7.  The  diagrams  are 
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cal  filiated  on  the  assumption  that  engines  have  identical  character¬ 
istic  parameters  of  the  thermodynamic  cycle  of  the  original  circuit 
— 15;  Tj=»  1400* K;  0,55);  the  bypass  ratio  of  the  ducted-fan  engine  is 
y  =  3.  The  efficiency  of  combustion  |h.c=0,97. 
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Pig.  18.11.  Diagrams  of  heat  balance: 
a)  TRD  [TP/U;  b)  ducted-fan  engine. 


Earlier  we  noted  that  the  transmission  of  mechanical  energy  from 
the  first  circuit  to  the  second  is  connected  with  the  appearance  of 
additional  hydraulic  losses  (n-j-j  <  1.0),  as  a  result  of  which  gases 
effluent  p”om  the  Jet  nozzle  of  the  second  circuit  take  away  part  of 
the  energy  in  the  form  of  heat. 

Consequently,  the  total  increase  in  kinetic  energy  of  gas  flows 
in  both  circuits  of  the  ducted-fan  engine  proves  to  be  less  than  the 
increase  in  the  kinetic  energy  of  the;  original  TRD,  i.e., 

( L,i+yL,\i)<Lt . 

Ultimately  the  effective  efficiency  of  the  ducted-fan  engine 
also  proves  to  be  lower  than  the  effective  efficiency  of  the  TRD: 

.  A  (Lt\  -4-  _  AL, 

*)#<jiTPa)  ~ - - - <  ’IriTPji)  = — *■ . 

9m  9m 

In  the  given  specific  example  the  effective  efficiency  drops 
from  41.7$  to  36.7$,  i.e.,  IS*. 
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Further,  the  imparting  of  approximately  the  same  magnitude  of 
kinetic  energy  to  a  considerably  greater  (in  this  case,  four  times) 
gas  mass  leads  to  a  sharp  decrease  in  losses  with  the  exhaust 
velocity;  as  a  result  of  this,  a  very  considerable  increase  in  thrust 
efficiency  approaches,  i.e., 


Ll 

4 


(ft'il  +yftytll)y 
L»\  +  \)Lt\\ 


n#(TPj>  = 


In  the  given  specific  example  the  thrust  efficiency  increases 
from  35.752  to  56.8%,  i.e.,  almost  60% . 


Finally,  the  total  efficiency  of  the  ducted- fan  engine  also 
increases,  since  a  decrease  in  losses  with  exhaust  velocity  with  a 
surplus  overlaps  the  presence  of  hydraulic  losses  in  the  second 
circuit;  consequently, 


^tioiatpj) 


(#>*1  +  yRj»\\)V 
7»h  M 


H 


’loJTPfl) 


w\ 

9,hM  / 


In  the  considered  specific  case  the  total  efficiency  of  the 
power  plant  increases  from  14.9%  to  20.9%,  i.e.,  40%. 

18.4.  Thermodynamic  Properties  of  Boosted 
Ducted-Fan  Engines 

The  additional  fuel  combustion  in  the  second  circuit  and  also 
iri  both  circuits  of  the  ducted-fan  engine  is  a  very  efficient  means 
of  increasing  the  specific  and  total  thrust  of  the  engine.  It  is 
used  for  a  short  time  on  takeoff  for  the  reduction  of  the  distance 
of  the  run,  and  also  for  the  time  of  putting  the  aircraft  into 
calculated  cruising  flight  conditions. 

Thrust  augmentation  is  used  even  as  a  prolonged  means  of 
increasing  the  maximum  velocity  of  the  aircraft. 
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The  additional  fuel  combustion  at  great  supersonic  flight 

speeds  (Mn  -  2.2  and  3.0)  is  also  a  means  of  improving  the  engine 

u  #TT 

economy.  If  relatively  low  boost  temperature  (T.  ■  900-1200°K)  is 

0 

used,  v.hen  it  appears  possible  to  reduce  the  specific  fuel  consumption 
in  comparison  with  the  flow  of  the  nonforced  ducted-fan  engine. 

The  use  of  boost  makes  it  possible  to  decrease  somewhat  the 
specific  weight  of  the  engine,  since  the  inevitable  increase  in 
weight  of  thr  ducted-fan  engine,  as  a  result  of  the  installation  of 
afterburners,  proves  to  be  less  considerable  than  the  increase  in 
thrust . 

Below  the  thermodynamic  properties  and  peculiarities  of  a 
boosted  ducted-fan  engine  are  examined. 

18.4.1.  Ducted-Pan  Engine  with  Thrust 
Augmentation  in  the  Second  Circuit 

18. 4.1.1.  Effect  of  Boost  Temperature 
in  the  Second  Circuit  on  Specific 
Parameters  of  the  DTRDF  when  Operating 
on  a  Te~st  Stand  (V  ■  0  and  H  ■  0). 

With  an  increase  in  the  gas  temperature  at  the  exit  from  the 
afterburner  of  the  second  circuit,  the  velocity  of  gas  outflow  from 
the  Jet  nozzle  increases.  Consequently,  the  specific 

thrusts  of  the  second  circuit  and  also  entire  engine  increase. 
Simultaneously  there  is  an  increase  in  the  relative  fuel  consumption 
in  this  circuit  proportional  to  the  interval  of  preheating 

II  /,.•  II  r*llv _ ji 

fflT  ♦  —  '  *  /  • 


Since  the  quantity  of  external  heat  introduced  with  the  fuel 

increases  considerably  faster  than  the  specific  thrust,  then  the 

specific  fuel  consumption  (for  1  kg  in  thrust)  increases.  In  other 

*11 

words,  with  an  increase  in  T ^  there  is  a  continuous  lowering  of 
the  effective  efficiency  of  the  cycle  (Pig.  18.12).  The  latter  is 


*133 


If 


Fig.  18.12.  Effect  of  boost 
temperature  in  the  second  cir¬ 
cuit  on  n  and  specific 

C  T  [• 

parameters  of  the  DTRDF J " 

UTPA*11]. 


explained  by  the  fact  that  the  thermal  and  effective  efficiency  of 
the  second  circuit  on  a  test  stand  are  considerably  lower  than 
those  in  the  original  TRD  or  ducted-fan  engine,  since  the  heat  feed 
in  this  circuit  is  carried  out  at  a  lower  pressure  than  that  in  the 
first  circuit.  The  higher  the  boost  temperature,  the  greater  the 
portion  of  work  of  the  cycle  of  the  second  circuit  in  the  thermal 
balance  of  the  engine,  and  the  lower  the  effective  efficiency  of  the 
DTRul'^T,  For  example,  if  for  the  nonboosted  ducted-fan  engine  ii,=0.32, 
then  for  the  DTRDF*1  when  7^  =2000* K  we  have  ij«*=0,23  (»|e  1 =0,16  and 
ip- 11 =0,25). 

18.4.1.2.  Effect  of  on  specific 

Parameters  of  the  DTRDF11  (F  «=  Q). 

Figure  18.13  shows  the  effect  of  on  specific  parameters 

of  the  DTRDF**  when  TV**  ■  const.  With  an  increase  in  x  and  tt#t  the 

0  kII 

specific  thrust  of  the  engine  increases,  reaches  a  maximum,  and  then 

drops.  The  specific  fuel  consumption,  conversely,  in  the  beginning 

is  lowered,  and  then,  having  reached  a  minimum,  it  increases. 

However,  with  heat  feed  in  the  second  circuit  of  the  DTRDF  the 

optimum  value  of  the  degree  of  energy  exchange  x  (at  which  the 

opt 

specific  thrust  reaches  a  maximum)  and  its  economic  value  x  (at 

3  K 

which  he  specific  fuel  consumption  becomes  minimum)  do  not  coincide. 
The  economic  value  of  the  degree  of  energy  exchange  is  always  more 
than  the  optimum,  i.e., 
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(b). 


When  y  ■  const  this  means  that 

£iii(»«) ^ and  ^ **xit(opt)  (s®e  ^lE»  18.13)  • 

With  an  increase  in  T*11  values  n and  »«h<of0  increase,  and 
the  discontinuity  between  them  increases. 

The  obtained  regularity  has  a  clear  thermodynamic  explanation: 

with  the  increase  in  the  specific  thrust  of  the  DTRDF  initially 

increases,  reaching  a  maximum  when  ,  and  then,  with  a  further 

increase  in  drops.  The  relative  fuel  consumption  mT h  in  this 

case  continuously  drops,  since  the  interval  of  preheating  in  the 

*11  *11 

second  circuit  LT*  ■  T.  -  .  Thus,  with  an  increase  in  tt* 

the  specific  fuel  consumption  of  the  engine  also  initially  drops, 

and  it  reaches  minimum  at  such  value  tt*t  at  which  rate  of  drop  of 

kII 

parameters  mta  and  /?wM  seems  identical,  i.e.,  when  a*,,,,,, >aIn<u*> 
(Fig.  18.14). 
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We  see  that  the  noted  property  of  the  DTRDF  distinguishes  it 
from  the  nonboosted  ducted-fan  engine,  in  which  when  ri"  -Ttl  always 
and  *^kiiok)  (nee  Fig*  18.4). 


Fig.  18.14.  Comparison  of  optimum 
and  economic  compression  ratios  of 
the  compressor  of  the  second  cir¬ 
cuit  of  the  DTRDF11  [ATPAT] 1  ]  . 


18.4.1.3.  Comparison  of  Specific  Parameters 
r  the  DT!.:rIT  ana  TRDF  on  a  Test  Stand. 

Figure  18.15  gives  a  comparison  of  specific  fuel  consumption  on 
a  test  stand  of  a  TF.  17  and  series  of  ducted-fan  engines  with 
afterburner  in  the  second  circuit  (DTRDF1*).  The  engines  being 
compared  are  carried  out  on  the  basis  of  the  same  original  TRD: 

7T*  =  13  and  T.  *  1300°K.  The  bypass  ratio  of  the  DTRDF11  is 

W  X  j 

accepted  as  y  =  1 ,  and  the  compression  ratio  tt*t  changed  from  2  to 

H11  *11 

7.  The  boost  temperature  changed  in  the  DTRDF  from  T*  =  7\,  up  to 
?0n0°K,  an’d  in  the  TRDF  -  from  7*  ■  T ^  also  up  to  2000°K. 

At  equal  boost  temperatures  and  identical  stagnation  pressures 
at  the  exit  from  the  afterburner  (.v* u*VtnrU|  in  a  wide  range  of 
values  7*  ( 1200-2000°K)  the  specific  fuel  consumption  of  the  DTRDF11 
proves  to  be  lower  than  that  of  the  TRDF.  For  example,  when 
?*  =  20u0c K  we  have  for  the  DTRDF11  C  ■  1.59 »  and  for  the  TRDF 
=  1.85  kg/(kgf*h)  (i.e.,  1655  more). 

Such  a  result  can  be  explained  in  the  following  manner.  At 
equal  stagnation  temperatures  and  pressures  of  the  gas  at  the  exit 
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from  the  chamber,  specific  thrusts  of  the  second  circuit  of  the 

DTRDF11  and  TRDF  are  equal.  The  relative  fuel  consumption  of  the 

second  circuit  of  the  DTRDF  («»»).  being  determined  by  the  interval  of 

preheat  Lng  (T\— rj“)  is  always  less  than  that  of  the  TRDF  |«tt  -( ri“r.’)]- 

Thus,  with  the  considered  conditions  of  comparison,  the  specific 

fuel  consumption  of  the  separately  taken  second  circuit  of  the  DTRDF 

is  less  than  that  of  the  TRDF.  As  regards  the  specific  fuel 

consumption  of  the  first  circuit  of  the  DTRDF,  then  under  optimum 

conditions  of  energy  exchange  for  the  ducted-fan  engine  (assuming 

that  *C1), •=  — )  it  is  25-30*  higher1  than  in  the  original  TRD; 
c“  *  +  y^uf 

however,  it  is  considerably  lower  than  that  of  the  TRDF.  Since  the 
specific  fuel  consumption  of  the  DTRDF  occupies  an  intermediate 
position  between  CrMi)  and  Cy^tt).  then  ultimately  tTP^> . 


its 


‘yJksfh 


Fig.  18.15.  Comparison  of  specific  fuel 
consumption  of  the  TRDF  [TPA$]  and  DTRDF 
[HTP^**1]  on  a  test  stand. 


II 


The  lower  the  T #,  the  less  the  advantage  of  the  DTRDF  with 
respect  to  economy  over  the  TRDF. 
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If  now,  on  the  condition  that  JVruun.Vrm.  the  boost  temperature 

in  the  second  circuit  of  the  DTRDF  is  reduced  to  a  value  of  ternpera- 

* 

lure  at  the  exit  from  the  turbine  of  trie  criminal  I'K b  (in  or’ 
example  rJ-KXW’K),  then  the  specific  fuel  consumption  of  such  a 
DTRDF  will  be  higher  than  that  of  the  TRD. 

Tills,  in  turn,  is  explained  thus.  With  equal  specific  thrusts 
of  the  TRD  and  second  circuit  of  the  DTRDF  the  interval  of  preheating 
in  the  chamber  of  the  DTRDF,  as  previously,  is  less  than  tint,  in  tin 

chamber  of  the  TRD,  i.e.,  (7j—  1 1  )<i T"^— T'j )  =  ( r* — r * ).  Therefore,  as 

previously , 


however,  the  specific  fuel  consumption  of  the  first  circuit 
the  DTRDF  is  considerably  more  than  that  in  the  original  TRD,  i.e., 

cyi<D  *cy»(TPa)‘ 

Ultimately  the  specific  fuel  consumption  of  the  DTRDF  proves 
to  be  higher  than  that  in  the  original  TRD. 

The-  change  in  tt#  T  affects  correlation  of  specific  fuel 

consumptions  in  both  circuits  and,  depending  on  the  level  of  the 

T*,  can  qualitatively  change  the  result  noted  earlier.  Thus,  for 

instance,  at  reduced  values  of  tt#  T  and  T*  (for  example,  u*  ,  =  2 
’  hII  4>  f  n  I T 

and  T*  =  1400UK)  we  have 
0 

(Cy,  (jnp4<>)  ~  1  >34)  >  (Cy.\  (Tpq*>  “  l  1^9  hg/  ( kgf  •  h ) . 

18.4.1.4.  Use  of  the  DTRDF11  at 
Supersonic  Flight  Speeds . 

With  an  increase  in  the  boost  temperature  in  the  second  circuit 
at  subsonic  flight  speeds,  at  assigned  parameters  of  the  cycle  and 
bypass  ratio,  and  in  the  whole  range  of  values  x  (n*n)  the  specific 
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thrust  and  specific  fuel  consumption  of  the  DTRDF  continuously 
increase  (Fig.  18.16).  However,  as  A.  L.  Parkhomov  and  I.  I.  Kulagin 

showed,  at  great  supersonic  Mn  numbers  (Fig.  18.17)  with  an  increase 

*TT  U  II 

In  TV  ,  the  specific  fuel  consumption  of  the  DTRDF  in  the  beginning 
v 

is  decreased,  reaching  a  minimum,  and  then  again  it  increases.  The 
"economic"  value  of  the  boost  temperature  increases  with  an  increase 
in  the  flight  number  Mq. 


Fig.  18.16.  Effect  of  boost  temper¬ 
ature  in  the  second  circuit  on  jj 
specific  parameters  of  the  DTRDF1 

UTPA*11]  (Mq  -  0.9). 
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Fig.  18.17.  Effect  of 
boost  temperature  in  the 
second  circuit  on  spe¬ 
cific  parameters  of  the 

DTRDF11  [ATPA*11] 

(Mq  -  2.5). 


Figure  18.18  shows  the  change  in  on  temperature  IT*  for 
different  values  of  y  (from  0  to  «)  when  MQ  ■  1.7.  As  is  evident 
on  this  graph  the  optimum  value  of  the  bypass  ratio  i3  the  value 
y  ■  1.  Beginning  from  values  of  r»  >1200*K  at  identical  parameters 
of  the  cycle,  the  DTRDF**  (y  ■  1)  forced  in  the  second  circuit  has 
less  fuel  consumption  than  the  TRDF  and  ramjet  engine.  The  single¬ 
circuit  nonboosted  TRD  under  -no  3ame  conditions  is  less  economical 
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than  the  nonboosted  ducted-fan  engine  (y  =  1  and  u  -  2 ) ;  however, 
the  specific  thrust  of  it  in  this  case  is  substantially  higher. 
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Fig.  18.18.  Effect  of  T *  and  y  on  specific 

0 

fuel  consumption  of  various  jet  engines 
(MQ  =  1.7). 


An  Increase  in  T.  at  all  flight  speeds  moves  x  ,  and  x  Into 

0  opt  art 

the  region  of  large  values  (i.e. ,  the  optimum  and  economic  value;-  •  f 

ti*tt  increase). 

«II 

Finally,  with  an  increase  in  the  Mq  number  (with  other 
condition:  flxeu )  the  optimum  and  economic  values  of  n*TT  art.- 
lowered,  approaching  unity. 


The  noted  tendency  is  clearly  Illustrated  by  graphs  (Mgs,.  18. M 
and  18.20'  plotted  respecti vely ,  for  *  2.2  and  =  3.0.  From 
them  it  follows  that  at  large  numbers  cf  the  expediency  of  energy 
exchange  between  circuits  of  the  engine  is  decreased,  and  the  optimum 
DTRDF1^  with  respect  to  specific  thrust  and  specific  fuel  consumption 
gradually  "degenerates"  Into  a  simple  combination  of  TRD  +  ramjet 
engine . 
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Fig.  18.20. 

Fig.  18.19.  Effect  of  on  specific 
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parameters  of  the  DTRDF  (Mn  *  2.2). 


Fig.  18.20.  Effect  of  on  specific 

parameters  of  the  DTRDF^  (Mq  3  3-0). 


18.4.2.  Ducted-Fan  Engine  with  Thrust  Augmentation  in 

Two  Circuits 


18.4.2.1.  Comparison  of  Relative 
Fuel  Consumption  of  Various  Jet 
Engines  at  Identical  Maximum 
Temperatures  of  the  Cycle. 

Let  u~  produce  a  comparison  of  specific  thrusts  and  specific 
fuel  consumptions  of  the  DTRDFI+I1,  1RDF  and  ramjet  engine  at 
identical  temperatures  of  braked  flow  at  the  entrance  T*  and  equal 
maximum  temperatures  of  the  cycle  (7*^*  *=  rjf*  »  T\  =s,77,nBpJ,  ""T*,,).  Let 
us  prove  that  under  these  conditions  the  relative  fuel  consumption 
(fuel  consumption  per  1  kg  of  air)  of  the  indicated  three  types  of 
engines  will  be  identical. 

Actually,  having  written  the  equation  of  energy  for  1  kg  of  air 
as  applied  to  sections  h-h  and  5-5  of  any  of  the  considered  types  of 
engines : 

i\—  <.*=?»«  const, 
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we  obtain  that  the  total  quantity  of  heat  fed  with  the  fuel  to 
l  kg  of  gas  is  equal  in  all  engines,  regardless  of  whether  fuel 
enters  into  one  combustion  chamber  (ramjet,  engine',  two  '""'Hi  :  1  ,r 
three  chambers  (DTRDF^  +  ^  )  . 

It  is  characteristic  that  the  indicated  property  of  the  engine 
proves  to  be  valid  independent  of  the  effect  of  the  specific  heat  of 
gas  on  the  temperature. 

Thus,  the  quantity  of  heat  fed  to  1  kg  of  air  in  the  DThDF^+^^ 
TRDF  and  ramjet  engine  is  equal.  Consequently,  when  —  const,  if*— const 
$KiC-  : const  and  the  relative  fuel  consumption  of  the  engines,  is 
Identical ,  i . e  .  , 


wiiinp.i  —  Wrpa*  —  ,natia*i  +  n* 


independent  of  values  n*,,  n*u,  y  and  gas  temperatures  T  In  front  of 
the  turbine. 

* 

On  tills  base  the  conclusion  can  be  made  that  when  T  -  const 

T+II 

the  relative  thrust  of  the  DTRDF  (with  respect  to  the  thrust  of  the 
TRDF  or  ramjet  engine  1  is  always  inversely  proportional  to  the 
relative  specific  fuel  consumption  and  that,  consequently,  any 
advantage  of  a  forced  ducted-fan  TRD  with  resort  to  specific  thrust 
is  equivalent  to  its  advantage  with  respect  to  economy,  i.e., 

(18.2.3) 

C7* 


From  expression  (18.23)  it  also  follows  that  the  most  advantageous 
degrees  of  the  increase  in  air  pressure  in  the  second  circuit  of  the 
DTRDF*+I1  with  respect  to  specific  thrust  and  economy  always  coincide, 
i.e., 


_  •  _  .• 

•Vll  (opO  "nil  t •«)* 
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Let  us  assume  that  at  a  certain  value  of  MQ  number  the  total 
pressure  behind  the  turbine  of  the  TRD  is  equal  to  the  complete 
inlet  pressure  of  compressor  (p\—p\).  In  this  case  the  specific 
thrusts  of  the  ramjet  engine,  TRDF  and  combination  of  the  TRDF  and 
ramjet  engine  are  identically  equal. 

As  regards  the  DTRDF*+**,  then  its  specific  thrust  under  these 
conditions,  and  when  x  is  close  to  zero,  has  approximately  the  same 
value  as  that  in  the  ramjet  engine  and  TRDF.  With  an  increase  in  x, 
i.e.,  with  an  increase  in  removal  of  mechanical  energy  into  the 
second  circuit,  the  specific  parameter  of  the  DTRDF  will  be  worse. 
When  p\>p\  the  specific  thrust  of  the  optimum  DTRDF  is  more  than 
in  the  ramjet  engine  but  less  than  in  a  TRDF;  when  p\<p\  the 
specific  thrust  of  the  DTRDF  is  more  than  in  a  TRDF  but  less  than  in 
a  "pure”  ramjet  engine. 

18.4.2.2.  Most  Advantageous 
Distribution  of  Energy  of  the 
Ducted-ftan  Engine  with  Thrust 
Augmentation  in  Two  Circuits . 

Let  us  examine  now  conditions  of  the  most  advantageous  distri¬ 
bution  of  energy  between  circuits  in  the  case  of  the  ducted-fan 
engine  with  additional  fuel  combustion  in  both  circuits. 

Let  us  assume  that  stagnation  temperatures  of  the  gas  at  the 
exit  from  the  afterburners  are  identical,  i.e., 

It  is  obvious  that  the  condition  of  the  most  advantageous 
distribution  of  energy  between  the  circuits  (at  assigned  values  of 
parameters  Mo.  <J,  Ty  T},  Jij,  and  also  effeciency  and  coefficient  of 
losses  of  particular  processes)  is  as  previously,  a  guarantee  of  the 
maximum  specific  thrust,  i.e., 

- jT“ - ♦(•*«). 


or,  which  is  the  same  thing,  a  guarantee  of  the  minimum  specific 
fuel  consumption,  since  on  account  of  the  fact  that  «jT.<>*=const,  • 


Prom  the  theorem  of  the  most  advantageous  degree  of  energy 
exchange  between  the  circuits,  it  follows  that  the  maximum  of  specifi 
and  maximum  of  total  thrusts  of  the  DVRD  corresponds  in  the  ideal 
case  (when  tjh=*  1,0)  to  the  equality  of  velocities  of  gas  outflow  from 
the  circuits.  With  the  equality  of  boost  temperatures  (f^  — 
this  condition  is  observed  if  pressure  differentials  in  jet  nozzles 
of  circuits  are  identical,  i.e.,  if 


•tp.e  !  — SljLell. 


In  other  words,  the  total  pressures  of  gas  behind  the  turbine 
of  the  second  circuit  and  air  behind  the  compressor  of  second  circuit 
must  be  identical,  i.e.,  p\l  “/jJ"  .  As  was  proved  above  (see  Chapter 
8),  this  condition  provides  a  minimum  of  losses  In  the  mixing 
chamber  of  the  DTRDF‘'‘+^. 


Pig.  18.21.  Effect  of  bypass  parame¬ 
ters  on  expansion  ratio  of  gas  in 
both  circuits  and  specific  thrusts  of 

the  DTRDFI+I1  [ATPfl*I+I1 ] . 


Figure  18.21  clearly  confirms 
that  the  equality  of  total  pressures 
in  circuits  In  practice  provides  the 
maximum  of  specific  thrust  of  the 
DTRDFI+I1. 
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DTRDF 


. j .  Effect  of  Bypass 
•;  t  erg  on  Specific  Thrust  and 
Tic  Fuel  Consumption  of  the 
I  +  II 


with  an  increase  in  the  compression  ratio  of  the  compressor  of 
rhf.-  st.-ec  nd  circuit  ji*,,  the  specific  thrust  of  the  DTRDF*+’^  initially 
increases,  reaching  a  maximum  at  equal  drops  in  pressures  in  jet 
nozzles  of  the  circuits  (rtp.  cti>— and  then  drops.  Since  the 
relative  fur-’’  consumption  preserves  the  fixed  value,  the  specific 
fuel  : jnsur.ption  changes  inversely  proportional  to  the  specific 
tnrust  ( Fig.  18.22)  . 


Fig.  18.22.  Comparison  of 
optimum  and  economic  compres¬ 
sion  ratios  of  the  compressor 
of  the  second  circuit  of  the 
I  +  T I 

DTRDF  . 


An  increase  in  the  bypass  ratio  at  optimum  distribution  of  the 
energy  between  the  circuits  decreases  drops  in  pressures  in  the 
! ef  nozzles.  Consequently,  velocities  of  outflow  from  the  circuits, 
and  this  m.ans  specific  tnrust  of  the  engine,  also  decrease.  The 
specific  fuel  consumption  of  the  DTRDF"'’ +  ^  in  this  case  continuously 
increases  (Fig.  18.23). 


fw,t  ATPA9"* 


Fig.  18.22.  Effect  of  the  bypass 
ratio  on  specific  parameters  of  the 

DTRDFI  +  I1  (V«i-.V«ii)  . 


Consequently,  at  equal  parameters  of  the  cycle  the  specific 
thrust  of  the  DTRDF^+^  is  lower  and  the  specific  fuel  consumption 
is  hip, her  than  those  in  the  TRDF. 

18.5.  Ducted-Fan  Engine  With  the  Mixing;  of  FI  own 

During  recent  years  ducted-fan  TRD  with  the  mixing  of  flows  have 
become  widespread.  The  mixing  of  flows  is  applied  both  in  nonboosted 
and  in  forced  ducted-fan  engines  (with  additional  fuel  combustion). 

The  use  of  mixing  chambers  makes  it  possible  to  simplify 
structurally  the  exhaust  part  of  the  engine  and  decrease  its  weight 
(systems  of  forcing,  cooling  of  the  exhaust  part  and  adjustment  of 
the  common  jet  nozzle  are  simplified). 

The  use  of  mixing  chambers  also  allows  in  the  case  of  the 
boosted  ducted-fan  engine  reducing  the  specific  fuel  consumption  by 
and  this  lowering  proves  to  be  greater  for  the  hi  gh-ternpera- 
ture  ducted-fan  engine  at  relatively  high  values  of  the  bypass  ratio 
( ij  =  1-2).  One  should  point  out  that  the  noted  thermodynamic  effect 
of  the  mixing  of  flows  can  be  realized  only  when  it  is  possible  to 
obtain  an  even  field  of  temperatures  at  the  exit  from  the  mixing 
chamber.  However,  the  equalizing  of  field  of  temperatures  is  a 
complex  matter.  The  use  for  this  purpose  of  short  "lobe"  mixers 
(of  the  type  of  mixer  of  the  engine  Rolls-Royce  RB.141)  gives  only 
a  partial  result.  The  use  of  mixing  chambers  of  great  length  is 
irrational  due  to  the  increase  in  weight  of  the  engine. 

ld.5.1.  Effect  of  the  Difference  in  Temperatures  of 
Initial  Flows  on  the  Increase  in  Thrust  of  a 
Ducted-Fan  Engine  with  the 
Mixing  of  Flows 

Under  equal  total  pressures  of  initial  flows  and  in  tne  absence 
of  losses  in  the  mixing  chamber,  velocities  of  outflow  from  the 
Jet  nozzles  are  proportional  to  V  T*.  i.e.. 


whc  ro 


T 


A'*,?'" 

»+*  * 


Then 


(17,  +  <7||)  _  1  ( l  4*  y)  ( 1  4-  yfl*) 

O,  V 'r?+fl,|i/  t?~  >  +  *)''•* 


(18.2/1) 


wh-  re 


&•= 


<1,0. 


Table  18.1  gives  data  on  thrust  augmentation  of  the  ducted-fan 
engine  with  the  mixing  of  flows  depending  on  0*  for  y  =  1.0,  which 
were  obtained  from  equation  (18.24). 


Table  18.1. 


*• 

0.20 

0.25 

0,30 

0.35 

0,40 

0.45 

0.50 

< 

i 

1,070 

1 .051 

1.042 

1.032 

1,025 

1,019 

1,015 

Th  s  when  y  =  1  and  0*  =  0,25— 0,40  an  increase  in  thrust  and, 
consequently,  lowering  of  specific  fuel  consumption,  taking  into 
account  the  losses,  does  not  exceed  1.5-3!?. 
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C  H  A  r  T  E  R  19 


OPE  RATIONAL  CHARACTERISTICS  OF  THE  DUCTED-FAK  EHC.INE 

19.1.  Thermodynamic  Bases  of  Control 
of  the  Ducted-Fan  Engine 


19.1.1.  Control  Elements  and  Controllable 
Parameters  of  the  Ducted-Wan  Engine 

The  pi'erw  the  record  circuit  of  the  ducted-fan  engine 

allows  having  in  this  engine  additional,  in  comparison  with  the  TRD, 
control  elements  and  controllable  parameters. 

The  maximum  number  of  controllable  parameter;-  at  fixed  values 
of  Mq,  H  and  efficiency  of  separate  elements  results  from  equations 
for  thrust.  (  l  -3 . 3 '  and  specific  fuel  consumption  (17. ll).  Hiri; 

n»  x<  ii)  and  —/(-">*,  T\,Ty  x,  y),  then  for  the  ducted-fan  engine 
the  number  of  controllable  parameters  reaches  four  and  for  the 
I.’TRDF1 1  -  five. 

Instead  of  it*  as  an  adjustable  regime  parameter  it  is.  convenient 
to  select  n,  instead  of  x  -  compression  ratio  it*.,,  instead  of  y  - 
the  flow  of  air  <7,  or  G1  ,  . 

I  i  J 

The  enumerated  quantity  of  regime  of  parameters  corresponds  to 
an  equal  quantity  of  control  elements  and  control  factors.  The 
additional  control  factors  In  the  second  circuit  of  the  ducted-fan 
engine,  in  comparison  with  the  TRD,  are: 
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1)  fuel  consumption  in  the  second  circuit  ; 

2 )  area  of  critical  section  of  the  Jet  nozzle  of  the  second 
circuit  ; 

3)  angle  of  turning  of  the  guide  vane  of  the  fan  <J>‘  and 

H  •  a 

'thers . 


With  fixed  geometry  of  the  second  circuit  and  in  the  absence 
in  it  of  af t<- .  turners ,  the  ducted-fan  engine  as  an  object  of  control 
'j  ’.c  different  from  the  TRD.  In  this  case  the  ducted-fan  engine 
and  TRD  will  have  the  same  control  elements,  controllable  parameters 
and  identical  structural  designs  of  control. 

Table  19.1  shows  that,  depending  on  the  gas-dynamic  scheme  of 
the  engine,  the  number  of  regime  parameters  of  the  ducted-far.  engine 
(DTRDF)  varies  from  one  to  five;  for  the  TRD  (TRDF)  -  from  one  to 
three  and  for  the  turboprop  engine  it  is  usually  equal  to  two. 


Table  19.1. 


i’G  . 

Control 

factors 

Controllable 

parameters 

1 

TRD 

OOHi 

n  or  T\ 

2 

TRD 

Gt.  /s 

n.T\ 

3 

TRDF 

G„  fit 

n.  t ;.  r; 

J4 

DTF.D 

aaa 

rt  (  or>  nHa> 

5 

DTRD 

Gr<  /j 

n,T\ 

6 

DTP.D 

G,.  /I  A1 

r«  1 
n,  tv  aMM 

7 

DTRDF 

i;U  A  ,11  II 

n>  •  ji  H,  ||.f 

8 

TVD 

G».  ?. 

•«  • 

n ,  /  j 

4^9 


Let  us  note  that  passage  to  single-shaft  design  of  the  engine 
still  does  not  denote  the  introduction  of  an  additional  cent v 1 lahl r 
parameter.  At  fixed  geom"try  of  the  single-shaft  ducted-far.  engine 
the  unique  controllable  factor  G_^  corresponds  to  the  unique  con¬ 
trollable  parameter  n  (or  T^) .  Another  parameter  T#  (or  v )  auto¬ 
matically  and  uniquely  is  connected  with  the  first.  In  the  case 
of  the  single-shaft  ducted-fan  engine  this  control  factor  G 
corresponds,  as  previously,  to  the  unique  controllable  parameter, 
for  example,  the  number  of  revolutions  of  the  VD  cascade.  Parameter? 
7^  and  n ^  are  uniquely  connected  with 


Figure  19.1a  shows  a  block  diagram  of  the  control  of  a  single¬ 
shaft  DTRDF^  with  two  independent  regulators:  fuel  feed  in  the  mail, 
(.•number  and  fuel  feed  In  the  afterburner. 


The  connection  between  the  control  factors  and  controllable 
parameters  of  the  engine  has  the  following  form: 

G"  •->  r’11 

A  block  diagram  of  the  control  of  a  single-shaft  ducted-fan 
engine  with  two  Independent  regulators  of  VD  revolutions  and  a  jet 
nozzle  of  the  second  circuit  are  given  on  Fig.  19.1b. 

The  connection  between  control  factors  and  controllable  rarametr 
li.  such  a  ducted-fan  engine  has  the  following  form: 


G,  >  ">  Ty 

fi  -*  "(Hfl). 


The  connection  between  control  factors  and  controllable 
parameters  of  a  geometrically  fixed  single-shaft  ducted-fan  engine 
has  the  following  form: 


b) 

Fig.  19.1.  Block  diagram  of  control  of  the  ducted- 
fan  engine:  a)  with  two  regulators  of  fuel  feed  in 
the  main  chamber  and  afterburner;  b)  with  two  inde¬ 
pendent  regulators  of  VD  revolutions  and  Jet  nozzle 
of  the  second  circuit. 


19.1.2.  Programs  of  Control  of  the  Ducted-Fan  Engine 

Programs  of  the  control  of  ducted-fan  TRD  are  very  diverse. 

These  include  programs  of  control  for  maximum  thrust,  the  greatest 
economy  in  cruising  regimes  of  flight,  complete  similarity  of  the 
regime  of  the  turbocompressor,  various  combined  programs,  and  others. 
Due  to  the  presence  of  additional  parameters  and  control  elements 
(in  the  second  circuit  of  the  engine)  the  quantity  of  these  programs 
for  the  ducted-fan  engine  is  more  than  that  for  the  usual  single¬ 
circuit  TRD. 
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Let  us  examine  briefly  the  peculiarities  of  control  of  the 
ducted-fan  engine  with  respect  to  certain  of  these  programs. 

19.1.2.1.  P’rograms  of  Control 
for  Maximum  Thrust. 

To  provide  control  for  maximum  thrust  of  the  single-shaf t 
ducted-fan  engine  at  all  speeds  of  flight  the  realization  of  the 
same  conditions  as  in  the  case  of  the  single-shaft  TRD  is  necessary 

1)  n—nnil~con*U 

2)  T;^r;{mtl)^const 

and,  furthermore,  additional  conditions  - 

3)  y=ij0fv 

4)  x-~xovX  or  •11k||  —  nKii(opt)» 

and  in  the  presence  of  afterburners  in  the  circuits 

5)  7'*'=-.  const; 

C)  r;" -const. 

The  observance  cf  these  conditions  provides  the  obtaining  at 
all  speed.:  :nu  a'Lti  •  .  1*  s  f  flight  of  a  maximum  of  airflow  and 
specific  thru.  a  no  nsequently ,  a  maximum  of  total  thrust. 

One  should  note  that  the  provision  of  conditions  3)  and  4) 
completely  complicates  the  control  of  the  engine  and  in  practice 
cannot  always  be  realized.  Therefore,  parameters  y  and  nJJ,,  are 
usually  rejected  from  special  control,  allowing  them  to  change  in 
accordance  with  a  change  in  parameters  of  the  working  process  with 
respect  to  speed  and  altitude  of  the  flight  and  also  in  accordance 
with  conditions  1)  and  2). 
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Ms intaining  f#  *  const  in  the  case  of  a  single-shaft  ducted- 
fan  engine  can  be  accomplished  by  means  of  additional  control  of  the 
critical  section  of  the  jet  nozzle  (first  or  second  circuits,  and 
in  the  presence  of  a  mixing  chamber  -  common  nozzle)  and  also  a 
truide  vane  of  the  compressor  of  the  second  circuit. 


In  connection  with  this  additional  conditions  of  the  realization 
of  the  considered  program  of  control  are  distinguished: 


"'1  /”=--v.onst;  <f”t= const;  (/J=var); 

b)  /J  =  const:  f"l=const;  (/J'  =  var); 


c)  /J  =  const;  /”  =  const;  (f”,=var). 


of  !• 


In  the  case  of  a  double-shaft  ducted-fan  engine,  preservation 
=  const  is  provided  automatically  with  the  observance  of 


condition  n 


(BA) 


const  correct  to  =  const  with  respect  to  the 


The  preservation  of  =  const 


speed  and  altitude  of  the  flight, 
can  be  provided  by  the  appropriate  selection  of  the  characteristic 
of  VD  compressor  with  a  rated  compression  ratio  close  to  six. 


With  the  observance  of  conditions  n 


(ha; 


const  and  fixed 


geometry  of  the  engine,  the  temperature  in  flight  changes.  To 

maintain  it,  in  this  case  the  introduction  of  earlier  examined  addi¬ 
tional  control  elements  is  necessary. 


19.1.2.2.  Programs  of  Control  of  a 
Geometrically  Fixed  Ducted-Fan  Engine. 

Let  us  examine  the  program  of  control  of  the  ducted-fan  engine 
n  — const;  f\= const;  /*'  =  const:  -const. 

Let  us  assume  that  the  ducted-fan  engiiv  .s  single-shaft  with 
separate  compressors  (see  diagram  a  on  Fig.  17.7).  Let  us  investi¬ 
gate  how  in  this  case  the  gas  temperature  in  front  of  the  turbine 
T*  and  bypass  parameters  ( y  an ;  Jjj)  change. 


With  an  increase  in  flight  speed  the  bypass  ratio  increases 


since  the  rate  of  airflow  through  the  second  circuit  (with  a  1  e s s 
value  of  tt*)  increases  considerably  faster  than  that  of  the  airflow 

K 

through  the  first  circuit;  it  is  easy  to  see  from  the  expression  of 
balance  of  works 


Lr  (U\  J-  ///-nit)  " 

that  at  a  critical  pressure  differential  in  the  Jet  nozzle  of  the 
first  circuit,  when  it*  =  const,  the  increase  in  y  leads  to  a  con¬ 
tinuous  increase  in  the  gas  temperature  in  front  of  the  turbine  in* . 
It  is  obvious  that  system  of  fuel  feed  and  control  of  such  ar.  engine 
must  have  limitations  with  respect  to  temperature. 


Prom  the  approximate  equality 


£«u  —  £*ii(0). 


or 


we  find 


l-nos. 


X 


•r(0) 


ur  (0) 


^(0) 


whence  it  follows  that  parameter  x  with  respect  to  flight  speed 
increases,  approaching  unity.  A  sharp  increase  in  values  y  and  x 
at  high  flight  speeds  considerably  worsens  conditions  of  energy 
exchange  and  decreases  the  thrust  of  the  nonboosted  ducted- fan  engine, 
actually,  with,  the  optimum  distribution  of  energy  between  the  circuits 
with  an  increase  in  Mq  of  flight,  it  is  necessary  that  y  ■*  0  and 
x  -  0  ( see  Fig.  l8.'j). 


At  low  flight  speeds  a  shortage  of  thrust,  as  a  result  of 
reduced  values  of  Z1*,  also  takes  place. 


Thus,  the  program  of  control  n  -  const  of  a  geometrically  fixed 
ducted-fan  engine  can  be  used  only  in  a  comparatively  small  range 
of  speeds  and  altitudes  of  flight. 

19.1.3.  Joint  Work  of  the  Compressor  and  Turbines  in  the 
System  of  the  Ducted-Pan  Engine.  Effect  of  Various 
Control  Factors  on  the  Line  of  the  Operating 
Regimes  (LRR)  of  Compressors  of  the 
Ducted-Fan  Engine 

The  pass^c  of  throttle  and  altitude  and  high-speed  charac- 
teris  'os  of  ducted-fan  TRD  and  the  selection  of  programs  of  control 
'’or  their  realization  are  largely  determined  by  peculiarities  of 
the  Joint  operation  of  the  compressor  and  turbines  in  the  system  of 
the  ducted- fan  engine,  depend  on  properties,  real  characteristics 
of  compressors  of  the  first  and  second  circuits  and  are  determined 
also  by  peculiarities  of  the  gas-dynamic  scheme  of  the  engine. 

Below  we  will  examine  methods  of  the  construction  of  the  line 
of  operating  regimes  of  compressors  of  the  ducted-fan  engine  and 
also  the  effect  of  various  operational  and  control  factors  on  their 
passage. 

' Q . 1 . 3  - ’  Basi _ i  jndltlons  and 

Assumptions . 

With  the  construction  of  lines  of  operating  regimes  on  charac¬ 
teristics  of  compressors  of  the  ducted-fan  engine  of  various  designs 
and  in  the  Investigation  of  the  effect  of  various  control  factors 
on  the  regime  of  operation  of  the  engine,  we  will  proceed  from 
conditions  and  simplifying  assumptions  indicated  below. 

1.  Pressure  differentials  in  the  first  nozzle  box  assembly  of 
the  turbine  and  also  in  Jet  nozzles  of  both  circuits  have  critical 
or  supercritical  values,  i.e.. 

This  means  that  expansion  i-atio  of  the  gas  in  the  turbine  remains 
constant,  i.e.,  it#  =  const. 
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Figure  19.2  gives  dependences  of  the  maximum  bypass  ratio 

u  on 
-  max 

and  it#  at  which  pressure  drops  in  both  circuits  reach  critical 
hI 


1  parameters  of  the  working  process  of  the  basic  circuit  ,T* 

ch  critica 

t-  ir.  i  p*  = 


We  see  that  when  y  <  1,  2'^  >  120C°K; 


TT  # 

Hi 


n*  =  0.S5,  we  have 
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Fig.  19.2.  Effect  of 
parameters  or  the  v/crkii.r 
process  of  t no  du ■■'a  1-  ‘on 
engine  -  and  tt *  r  -  on 

y  at  the  critical  out- 
5max 

flow  of  gar  from  the 
jet  nozzles. 
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2.  Efficiencies  of  the  turbine  and  also  coefficients  of 
partial  losses  in  elements  of  the  engine  are  invariable,  i.e., 

*)*  —  const;  s*t—  const;  «*<e~  const;  ?,,tC= const; 

$<iC  =  const;  o*,,-- const;  5$. *  — const. 

19.1.4.  Double-Shaft  Ducted-Fan  Engine  with  Common 
ND  Compressor  and  Separate  Exhaust 


19.1.4.1.  Equations  of  Basic 
Gas-Dynamic  Connections. 

Equations  of  basic  gas-dynamic  connections  of  the  ducted-fan 
engine  made  according  to  diagram  b  (see  Fig.  17.7)  refer  to  equation 
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of  flow  and  balance  of  works  of  the  ND  and  VD  turbocompressors. 


VD  Turbocompressors. 

Equation  of  flow. 

By  analogy  with  the  TRD,  let  us  write: 


where 


„  _  /l  (Ml 

'  /f4f( IuXm'u  ‘ 


The  equation  of  balanoe  of  uorkt 

We  have  £mm>  **£«(■*>• 

whence  we  find 


(19.1) 


(19.2) 


n 

ri(MI 


102,5  ( a 


*nM» 


I _ 

*WiM> 


(19.3) 


Having  substituted  Into  expression  (19.1)  the  value 
from  (19.3),  we  obtain  after  transformations 


where 


/ 


*HMI  1 
filial 


c  . . - 


/llM> 

I  /  JL!L_  ,•  „• 

r  iai^ 


(19-4) 


Expression  (19.4)  Is  the  equation  of  lines  of  operating  regimes 
of  the  VD  turbocompressor;  it  has  exactly  the  same  form  and  same 
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properties  as  door  the  corresponding  LRR  equation  for  the  VP  turbo- 
compressor  of  a  si nrlo-clrcuit  TRD  [equation  (10.8)1. 

MU  Turbocompreunor. 

Equation  of  flow 

Let  us  write  the  equation  of  flow  for  sections  at  the  entrance 
Into  the  MU  compressor  (1-1)  and  at  the  exit  from  the  convert! nr  Jet 
nozzle  (5n-5TI). 

Wo  have 


G\  ,n.i» 


«G!' 


or 


Introducing  the  substitution  T |t  «  ^•(H.Jl)  and  v;e 

obtain  after  conversions 


~rr _ 

inn) 


v  %  IMJ 


'/ — (IS.  5) 

(,+t) 


vfhere 


<V 


f\  nm> 

“  /it  .•ii-* 
ti  •«.« 


Equation  of  balance  of  works 


We  have 


Ci^t(H4)  =  (Gi+Gji)L|,(HJ)  , 
=*  (1  +y)Lm\\n) . 
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whence 


(19.6) 


lit  termination  of  tho  bypata  ratio  of  tho  duottd-fan  angina. 
We  have 


Having  r  ted  that 

ft' -».<!!  «k»  r!‘-r,tw 

we  obtain  after  simplifications 


y 


Ci/NOff) 

ft 


(19.7) 


Thus,  the  bypass  ratio  of  ducted-fan  engine,  carried  out 
according  to  scheme  b  (see  Fig.  17.7),  depends  only  on  the  area  of 
the  exit  section  of  the  Jet  nozzle  of  the  second  circuit  and  on 
operating  regime  of  the  VD  compressor  characterized  by  parameter 

<?(Al)(Bfl)‘ 

When  ■  const  we  find  (Fig.  19.3)  that 

if-,,  l 


Fig.  19*3.  Graphical 
determination  of  y 
according  to  the 
characteristics  of 
the  VD  compressor. 
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19.1.5.  Equation  of  LRR  of  the  ND  Turbocompressor 


The  equation  of  the  line  of  operating  regimes  (hbh)  of  tie  Ilf 
turbocomp resror  cannot  be  expressed  in  evident  form.  In  Implicit 
form  It  is  represented  by  equntions  of  gas-dynamic  connection"  of 
Vi  and  HD  turbocompressors  and  also  by  the  equation  of  tne  bypass 
ratio. 


Construction  of  the  LRR  of  the  HD  turbocompressor  is  carried 
out  in  the  following  manner: 


1)  a  series  of  regime  points  on  the  LFR  of  the  VD  turbocompressor, 

L.o.,  a  series  of  .joint  values  V  are  assigned; 

2)  from  the  equation  of  flow  (19.1)  for  the  VD  turbocompresscr 
a  series  of  values  7j/77»mi  1s  found; 

3)  with  the  help  of  the  equation  of  energy,  written  for  the 

VD  turbine,  a  series  of  values  '(tat  is  found; 

*0  from  the  equation  of  balance  of  operation  (19.6)  of  the 
HD  turbocompressor  a  series  of  values  nj,,,*,  and  is  found; 

5)  from  the  equation  cf  flow  (19.5)  for  the  HD  turbocompressor 
is  determined; 

6)  with  respect  tc  the  combination  of  values  .iJuu).  and 

^•i)|ii.u  the  line  of  operating  regimes  of  the  HD  turbocompressor  is 
constructed . 


Using  equations  (19.1),  (19.3),  (19.5)  and  (19.6),  it  is  possible 
to  construct  lines  of  operating  regimes  on  characteristics  of  VD 
and  HD  compressors  for  the  two  most  frequently  encountered  programs 
of  control  of  a  geometrical  fixed  ducted-fan  engine: 

!.  «Ktiui—  const;  /j=const;  /J'^const;  ?Bli— const; 

2.  «K(iu>  ~con«t;  const;  f"  —const;  const. 
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19.1.5.1.  Comparison  of  Lines  of 
Operating  Regimes  on  Characteristics 
of  VC  ana  ljb_Comprsssors  with  Two 
Programs  of  Control. 

By  comparing  the  single-valued  correspondence  of  regime  points 
arranged  along  lines  of  operating  regimes  on  characteristics  of  VD 
and  ND  compressors  with  two  programs  of  control  indicated  above 
(Fig.  19.^),  one  can  make  the  following  conclusions: 

1 .  Lit. -.3  of  operating  regimes  on  the  characteristic  of  each 
•  the  compressors  with  the  two  noted  programs  of  control  coincide. 


x*mi 


-•-program  /!n(Ki)“eonft  |—o— program  a -const 


7ltyHJ0 

a)  b) 


Fig.  19. Effect  of  the  program  of  control  on 
passage  of  the  LRR  on  characteristics  of  VD  (a) 
and  ND  (b)  compressors. 


2.  For  both  programs  of  control  the  relative  change  in  reduced 
VD  revolutions  is  less  than  the  change  in  reduced  ND  revolutions. 

The  latter  is  explained  by  the  fact  that  in  the  assigned  interval 
of  the  change  in  the  change  in  parameter  is  always 

less . 


3.  With  an  increase  in  with  the  program  of  control 
nK<*.i)  *  const  the  revolution  number  of  the  free  ND  cascade  is 
lowered  {(I  and  with  the  program  of  control  AmHji  ■  const 

the  revolution  number  of  the  free  VD  cascade  increases  (to  provide 
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rtiu  ■  const  It  :! s  necessary  to  raise  T^t  and,  consequently , 

/.,tH it  >/.i  hiiK  Thu/,,  the  came  Interval  of  the  chang>*  in  T*  ecr^rnon  .  • 
with  the  program  cf  contiol  »,«».»  *  const  to  the  grout  <.•  ’  '■  n  -<  !u 
reduced  ND  and  VD  revolutions  and  their  less  change  with  the  rrorrar. 
of  control  ■  const.  The  latter  follows  from  the  ox  ami  natl  on 

of  formulas: 


»2  (:•»)-  ‘ft  H\ 


and 


4,  The  program  of  control  «na  ■  const  corresponds  to  a  great 
change  in  T |j. 

5.  The  great  change  In  reduced  revolutions  causes  a  gr  at 

deviation  In  parameters  of  the  compressor  (£*•  i)«*  a]) )  from  their  Initial 
(calculated)  values.  In  this  sense  the  program  of  control  --const 

Is  move,  preferable. 


19.1.6.  Physical  Model  of  the  Change  in  Bypass  Ratio 
with  Respect  to  Speed  and  Altitude  of  Flight 

Let  us  examine  the  two  typical  cases  of  the  change  in  bypass 
ratio  on  the  speed  arid  altitude  of  flight: 

1)  in  the  presence  of  delimiting  flanges  on  blades  of  the  ND 
compressor  (scheme  of  a  ducted-fan  engine  with  separation  of  airflow 
at  the  entrance  into  the  compressor); 

2)  in  the  presence  of  common  blades  of  the  ND  compressor 
(scheme  of  a  ducted- fan  engine  without  delimiting  flanges). 

In  the  first  case  (Fig.  19.5a)  the  change  In  the  bypass  ratio 
of  the  ducted-fan  engine  on  speed  and  altitude  of  flight  is  carried 
out  by  means  of  the  redistribution  of  the  profile  of  axial  velocities 
at  the  entrance  into  the  compressor.  For  example,  with  an  increase 
in  r#  (and,  consequently,  parameter  y)  the  velocity  at  the 
entrance  into  the  compressor  of  the  second  circuit  increases 
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( 


Fir  19.5.  Physical  model  of  the  change  In  the 
bypass  ratio  in  partial  load  regimes:  a)  redis¬ 
tribution  of  the  profile  of  axial  velocities  at 
the  entrance  into  the  ND  compressor  (blade  with 
delimiting  flanges)}  b)  deformation  of  the  .let 
t  the  entrance  into  the  HD  compressor  (common 
blades) . 


relatively;  conversely,  with  a  decrease  in  y  the  velocity  at  the 
entrance  into  the  compressor  of  the  first  circuit  increases 
relatively. 

In  the  second  case  (see  Fig.  19.5b)  the  change  in  the  bypass 
ratio  is  carried  out  by  means  of  deformation  of  the  jet  at  the 
entrance  into  the  compressor.  Thus,  for  instance,  with  an  increase 
In  parameter  y  there  is  an  increase  in  the  flow  passage  cross- 
sectional  area  /j1  of  the  Jet,  which  flows  into  the  second  circuit; 
correspondingly  the  Jet  at  the  entrance  into  the  compressor  of  the 
first  circuit  is  narrowed  (/*  is  decreased);  with  a  decrease  in 
parameter  y  ,  conversely,  the  Jet  at  the  entrance  into  the  compressor 
of  the  second  circuit  is  narrowed  and  the  jet  at  the  entrance  into 
the  compressor  of  the  first  circuit  is  expanded. 

19.1.7.  Effect  of  Various  Factors  on  the  Line 
of  Operating  Regimes  of  the  VD  Compressor 

With  "blocking"  along  the  drop  In  pressures  of  the  VD  turbine 
(•■fJcn.n  ■  const)  the  position  of  the  line  of  operating  regimes  of 
the  VD  compressor  depends  only  on  parameters  and  characteristics 
of  the  VD  turbocompressor  ( •"*’ w  7’J(r,,  fields  njj.  peculiarities  of 
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lines  w  ■  const)  and  does  not  depend  on  external  factors  with 

np 

respect  to  the  VI)  turbocompressor .  The  influence  of  external 

atmospheric  conditions,  parameters  and  characteristics  of  the  MI) 

1  1 T 

turbocomprer.sor ,  bypass  ratio,  control  factors  and  ft.  on  the 
regime  of  operation  of  the  VD  compressor  is  manifested  In  terms  of 
the  change  in  complete  inlet  temperature  of  the  VD  compressor  (T ) 
in  the  form  of  a  change  in  reduced  revolutions  of  the  VD  compressor. 

Thus,  for  assigned  VD  compressor,  which  has  no  special  control 
elements,  the  line  of  the  operating  regimes  remains  constant; 
however,  its  regime  points,  in  accordance  with  a  change  in  "outward” 
factors,  can  move  along  the  LRR. 

19.1.8.  Effect  of  Various  Factors  on  the  Line 
of  Operating  Regimes  of  the  ND  Compressor 

The  position  of  the  line  of  operating  regimes  of  the  NI)  com¬ 
pressor  is  affected  by  parameters  and  characteristics  of  beta  turbo¬ 
compressors  (VD  and  ND),  bypass  ratio  y  ,  various  control  factors 
III  P 

(for  example,  and  ,  etc.).  Let  us  examine  this  effect  in 
more  detail. 

19.1.8.1.  Effect  of  Control  of  the 
Jet  Nozzle  of  the  First  Circuit 

(/'*  =  var)  (Fig.  19.6). 

Let  us  assume  that  the  initial  regime  of  operation  of  the  ND 
compressor  (point  1)  is  characterized  by  the  assigned  LRR  and  the 
number  of  revolutions  n^. 


Fig.  19.6.  Effect  of 
control  of  the  jet 
nozzle  of  the  first 
circuit  on  the  LRR  of 
ND  (a)  and  VD  (b) 
compressors . 


With  covering  of  the  Jet  nozzle  the  first  circuit  (dfl< 0) 
Increases  the  pressure  behind  the  ND  turbine.  Assuming  that  a' 
change  in  pressure  is  perceived  only  by  the  ND  turbine  (when 

n*4(U,  ■  const),  it  is  easy  to  conclude  that  the  work  of  the  ND 
turbine  is  decreased. 

As  a  result  there  is  unbalance  of  works  on  the  ND  turbocharger 

md  the  revolution  number  of  the  ND  compressor  is  decreased  (ni<ni). 

In  th4s  case  the  temperature  at  the  exit  from  the  ND  compressor 
<**,(«.» -1mm. >  is  decreased,  and  this  means  that  reduced  revolutions 
of  the  VD  compressor,  equal  to 


I/  where  ffaja-const, 

r  Tl  (M) 


increase . 

■ 

Consequently,  the  regime  point  of  the  VD  compressor  moves 
along  the  LRR  from  a  to  b  (see  Fig.  19.6b).  According  to  this  and 
equation  (19.3),  the  bypass  ratio  of  the  engine  decreases.  Let  us 
restore  now  the  number  of  revolutions  of  the  ND  compressor  (up  to 
n  «  m^),  having  increased  the  fuel  feed  in  the  combustion  chamber. 

The  bypass  ratio  in  this  case  decreases  even  more. 

Thus,  we  restored  the  original  number  of  revolutions  of  the 
ND  compressor,  but  with  a  considerably  less  value  of  the  bypass  ratio. 
Consequently,  there  occurred  a  redistribution  of  airflow  between 
the  oirouite  -  airflow  through  the  first  circuit  increased,  and  the 
rate  of  airflow  through  the  second  circuit  was  decreased.  The 
decrease  in  airflow  through  the  second  circuit  with  its  fixed 
geometry  ( f =  const)  produces  the  same  effect  as  the  opening 
of  the  Jet  nozzle  in  the  second  circuit  with  fixed  flow  -  pressure 
behind  the  ND  compressor  will  drop. 
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Consequently,  the  regime  point  of  the  IJD  compressor  parser 
from  position  1  to  position  2  (see  Pig.  19.6a),  and  the  LPR  of  the 
MU  compressor  moves  Into  the  region  of  reduced  values  • 

Thus,  the  "covering"  of  the  Jet  nozzle  of  the  first  circuit 
displaces  the  LRR  into  the  region  of  reduced  values  •i*,n/u  and, 
vice  versa,  the  "opening"  of  the  Jet  nozzle  of  the  first  circuit 
displaces  the  LRR  of  ND  compressor  into  the  region  of  raised  values 

(IU>  • 


We  obtained  the  result  similar  to  that  which  is  obtained  with 
control  of  the  Jet  nozzle  of  the  double-shaft  TRD. 

19.1.8.2.  Effect  of  Control  of  the 
dot  Nozzle  of  the  Second  Circuit 

“v.if)  (Fig.  19.7). 


Let  us  assume  that  the  initial  process  of  the  work  of  the  MD 
compressor,  as  previously,  is  characterized  by  point  1. 


Fig.  19.7.  Effect  of  control  of  the  Jet 
nozzle  of  the  second  circuit  on  the  LRR 
of  ND  (a)  and  VD  (b)  compressors. 

With  the  covering  of  the  Jet  nozzle  of  the  secondary  circuit 
(dfl'<.0)  counterpressure  behind  the  ND  compressor  is  increased; 
consequently,  the  line  of  operating  conditions  of  the  ND  compressor 
is  displaced  into  the  region  of  increased  values  . 
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As  a  result  of  the  approached  unbalance  of  works 
>tT|int]  revolutions  of  the  ND  compressor  drop.  An  Increase  In  ri<M> 
leads  to  a  shifting  of  the  regime  point  of  the  VD  compressor  from 
point  a  to  print  b. 

19.1.8.3.  Effect  of  the  Bypass  Ratio 
on  theTosltlon  of  the  LRR  of  5Ke 

ND  Compressor  (Fig.  19.8). 

W ■*  will  compare  the  position  of  lines  of  the  operating  regimes 
'  l"  the  ND  compressors  at  various  values  of  on  characteristic 
of  the  ND  compressor,  which  is  plotted  in  dimensionless  coordinates 

‘'■(Nil  *“/lf  (Mhs|* 


Fig.  19.8.  Effect 
of  the  bypass  ratio 
on  the  position  of 
the  LRR  of  the  ND 
compressor. 


Let  m  remind  the  reader  that  the  more  the  value  of  the  bypass 
ratio  on  the  initial  "rated"  regime,  the  more  it  increases  with 
throttling  of  the  engine. 

Let  us  examine  the  regime  of  operation  of  the  ND  compressor 
at  the  same  value  of  the  degree  of  throttling  of  the  revolutions 
equal  to  «-’«/%»«* const.  Thus,  the  more  F(p)»  the  more  the  ratio 
y/U(p)  at  the  reduced  regime.  An  increase  in  the  bypass  ratio  in 
the  reduced  regime  denotes  an  increase  in  the  airflow  through  the 
second  circuit,  which  when  ■  const  unavoidably  leads  to  an 
increase  in  (the  effect  is  equivalent  to  the  covering  of 

the  Jet  nozzle  of  the  second  circuit  with  fixed  flow). 


Consequently ,  with  an  Increase  in  the  line  of  the  operating 

regimes  on  the  characteristic  of  the  ND  compressor  is  more  slohing, 
i.e.,  with  the  throttling  of  the  revolutions  the  surging  reserve 
is  decreased. 


19.2.  Throttle  Characteristics  of  Ducted-Fan  Jet  Engines 

Throttle  characteristics  of  ducted-fan  TRD  are  called  the 
dependence  of  total  thrust  and  also  specific  fuel  consumption  on  the 
number  of  revolutions  of  the  turbocompressor  (or  position  of  control 
elements  of  the  engine)  at  constant  speed  and  altitude  of  the  flight 
and  at  the  accepted  program  of  control.  If  the  engine  is  double¬ 
shaft,  then  its  characteristics  are  plotted  with  respect  to  the 
number  of  revolutions  of  the  turbocompressor  of  high  or  low  pressure. 

Plotted  on  the  throttle  characteristic  of  the  ducted-fan  engine, 
as  in  the  case  of  the  TRD,  are  curves  of  the  temperature  change  in 
the  gas  in  the  jet  nozzle  (behind  the  turbine),  hourly  fuel  consump¬ 
tion,  and  also  other  characteristics  for  the  ducted-fan  engine  of 
the  dependence  [for  example,  y  -  f(n);  irJJjj  =  f(n);  and  others]. 

The  throttle  characteristic  of  the  ducted-fan  engine  at  assigned 
calculated  values  of  parameters  of  the  working  process  of  the  first 
circuit  ('/'].  |)  largely  depends  on  the  gas-dynamic  scheme  of  the 

engine  (ducted-fan  engine  with  front  or  rear  disposition  of  the 
fan;  single-  or  double-shaft  engine),  the  system  of  its  control  and 
characteristic  parameters,  which  determine  the  distribution  of  the 
air  and  energy  between  the  circuits. 

19.2.1.  Throttle  Characteristic  of  a  Single-Shaft 

Ducted-Fan  Engine 

19.2.1.1.  Change  in  Drops  in  Pressures 
in  the  Turbine  and  Jet  Nozzle  of  the  First 
Circuit  of  the  Single-Shaft  Ducted-Fan 
Engine  with  Throttling. 


With  a  decrease  in  the  number  of  revolutions  of  the  engine  the 
compression  ratio  of  the  compressor  of  the  first  circuit  is  lowered 


approximately  In  the  same  way  as  the  initial  one-circuit  TRD.  The 
distinction  in  dependences 

K  =/(*) 

in  the  ducted-fan  engine  and  TRD  is  determined  by  peculiarities  of 
the  passage  of  lines  of  operating  regimes  on  the  characteristic  of 
the  compressor. 

Earlier  we  explained  that  the  expansion  ratio  of  the  turbine  of 
a  ducted-fan  engine  is  considerably  more  than  that  of  the  original 
TRD.  Therefore,  the  drop  in  pressures  in  the  jet  nozzle  of  the  first 
circuit  of  the  ducted-fan  engine  is  always  less  than  that  for  the 
original  ThD,  i.e.,  -fpe i < .-Tp.cco).  Let  us  examine  the  case  when  in  the 
maximum  operating  regime  of  the  engine  the  drop  in  pressures  in  the 
jet  nozzle  is  subcritical,  i.e., 

* 

*p«  (i)  <  ~  1,85. 

This  case  corresponds  at  the  achieved  level  of  limiting  values 
T*  and  to  values  y  exceeding  2-3  (see  Pigs.  19.2  and  19.9).  Then 
with  throttling  of  the  engine  with  a  lowering  of  the  number  of 
revolutions  and,  consequently,  the  compression  ratio  of  the  com¬ 
pressor,  the  drop  in  pressures  in  the  Jet  nozzle  and  in  the  turbine 
is  decreased.  Initially  the  lowering  of  the  total  expansion  ratio 
covers  mainly  the  stage  of  low  pressure  -  the  Jet  nozzle.  Then, 
with  the  approach  of  ."VcO)  to  unity,  the  decrease  in  the  drop  in 
pressures  In  the  turbine  is  intensified  (Pig.  19.10). 

Thus,  the  regularity  of  the  change  in  the  drop  in  pressures  in 
the  turbine  of  the  ducted-fan  engine  is  noticeably  distinguished 
from  the  corresponding  regularity  for  a  one-circuit  TRD,  in  which 
in  the  considerable  range  of  numbers  of  revolutions  the  drop  in 
pressures  in  the  turbine  remains  constant. 


I 


Fig.  19.9. 
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Fig.  19.10. 


Fig.  19.9.  Effect  of  the  bypass  ratio  on  the 
drop  in  pressures  in  the  nozzle  of  the  first 
circuit  (•<ii-<n  • 

Fig.  19.10.  Redistribution  of  the  drop  in 
pressures  between  the  turbine  and  the  jet 
nozzle  with  throttling  of  a  single-shaft 
ducted-fan  engine. 


19.2.1.2.  Distribution  of  the  Total 
Expansion  Ratio  Between  the  Turbine 
and  Jet  Nozzle  with  Throttling  of 
the  Engine. 

The  distribution  of  the  total  expansion  ratio  between  the  turbine 
and  jet  nozzle  in  subcritical  regimes  of  the  outflow  of  gas  from 
the  jet  nozzle  can  be  produced  according  to  methods  described  in 
Chapter  11  for  the  TRD. 

Figure  19.10  clearly  shows  how  with  throttling  of  the  engine 
the  total  expansion  ratio  of  the  gas  between  the  turbine  and  jet 
nozzle  will  be  redistributed. 

Figure  19.10  gives  curves  of  the  change  in  «*,,«*  and  n'iC 
according  to  the  number  of  revolutions  for  a  single-shaft  ducted-fan 
engine  with  initial  data  in  the  maximum  regime  T^^OO’K;  n*,  (0)  =3,0; 
i/(0)  2,0,  *1*11  — 1,7. 
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1 9 .  .  1  •  3 •  Change  In  Bypass  Ratio  of 
the  olngle-Shaft  Ducted-Fan  Engine 
with  Throttling. 

With  a  d  crease  in  revolution  number  of  a  geometrically  fixed 
single-shaft  duc.ted-fan  engine,  the  bypass  ratio  of  it  initially 
Increases  (Fig.  19.11).  Such  a  regularity  is  explained  by  the  fact 
that  the  mass  flow  of  air  through  the  given  circuit  depends  mainly 
on  the  pressure  at  the  exit  from  the  compressor,  or,  in  other  words, 
on  the  compr^  .-.ion  ratio  of  the  compressor.  With  throttling  of  the 
engine  the  compression  ratio  in  the  first  circuit,  which  has  a  higher 
Initial  value,  is  lowered  more  intensively  than  the  compression 
ratio  in  the  second  circuit.  Thus,  the  flow  of  air  through  the 
first  circuit  drops  much  more  intensively  than  the  flow  of  air 
through  the  second  circuit,  as  a  result  of  which  the  bypass  ratio 

__  n*u  _ /l*  fftj1) _ *«n 

*-<>1  "W, '  V  r;"  /!.,  ~~?T 

increases.  Only  in  the  region  of  deep  throttling,  when  velocities 
of  the  outflow  of  gas  from  the  second  circuit  are  sharply  lowered, 
is  there  a  drop  in  y . 


Fig.  19.11.  Change  in 
bypass  parameters  of  a 
single-shaft  ducted-fan 
engine  with  throttling. 


The  increase  in  parameter  y  with  a  decrease  in  the  number  of 
revolutions  is  an  important  factor,  which,  as  we  will  see  further, 
has  a  serious  effect  on  the  operational  peculiarities  and  properties 
of  the  ducted-fan  engine. 
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19.2.1.4.  Temperature  Change  in  the 
Das  in  Front  of  the  Turbine  of  a 
Ring! e-fhaft  Ducted-Fan  Engine. 

The  pas  temperature  in  front  of  the  turbine  of  a  single-shaft 
ducted-fan  engine,  as  in  the  case  of  a  standard  TRD,  is  determined 
by  the  balance  of  works  of  the  turbine  and  compressor  on  balanced 
numbers  of  revolutions. 


We  have 


1*1 - LkI  -f- 


whence 


n- 


UP  T  .  , 


(19.8) 


where 


■  1  ■ 


*0,25  * 


Let  us  assume,  as  previously,  that  in  the  original  maximum 
region  of  the  engine  •fp.K0<J»np.  With  a  decrease  in  the  number  of 
revolutions  the  work  of  the  compressor  will  be  continuously  lowered. 
If  the  drop  in  pressures  in  the  turbine  and  the  bypass  ratio  remained 
constant  in  a  certain  range  of  numbers  of  revolutions,  then  the 
gas  temperature  In  front  of  the  turbine  of  the  ducted-fan  engine  wcul 
be  initially  lowered  thus  just  as  for  the  TRD.  However,  since 
parameter  y  increases  with  throttling  (the  compressor  Is  "loaded," 
compressing  a  relatively  large  quantity  of  air  in  the  second  circuit) 
and  the  drop  in  pressures  on  the  turbine  is  rapidly  lowered  (the 
turbine  is  "lightened,"  its  efficiency  drops),  then  ultimately  the 
gas  temperature  in  front  of  the  turbine  of  the  ducted-fan  engine  in 
comparison  with  the  TRD  is  decreased  insignificantly;  then,  with 
further  throttling  of  the  engine,  the  gas  temperature,  having 
attained  a  certain  minimum,  beings  to  increase  rapidly.  In  the 


whole  range  of  operating  revolutions,  T ^  in  the  derived  ducted-fan 


engine  has  a  considerably  larger  value  than  that  in  the  original 
TRD  (Pig.  19.12). 
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Pig.  19.12.  Change  in 
relative  temperature  of  the 
gas  in  front  of  the  turbine 
of  a  single-shaft  ducted- 
fan  engine  and  TRD  with 
respect  to  number  of 
revolutions . 


Figure  19.12  shows  that  with  the  lowering  of  the  revolution 
number  of  the  engine  by  35 1  the  relative  value  T ^  for  the  ducted-fan 
engine  is  equal  to  0.70  and  for  the  TRD  -  0.55;  thus,  the  gas 
temperature  in  front  of  the  turbine  of  the  ducted-fan  engine  proves 
to  be  higher  by  180°. 


Figure  19.13  shows  the  effect  of  the  bypass  ratio  on  the  relative 
change  in  temperature  of  the  gas  in  front  of  the  turbine  of  the 
ducted-fan  engine.  The  higher  the  value  y,  and,  consequently,  the 
lower  the  higher  the  level  of  temperature  in  the  whole 

range  of  operating  revolutions  of  the  engine. 


Fig.  19.13.  Effect  of  the  bypass 
ratio  on  the  regularity  of  the 
change  in  T*  with  throttling  of 

a  single-shaft  ducted-fan  engine. 


19.2.1.5.  Change  in  Thrust  and 
Specific  Fuel  Consumption  of  a 
Single-Shaft  Ducted-Fan  Engine. 


Figure  19.1*1  gives  the  relative  change  in  thrust  and  specific 
fuel  consumption  of  a  single-shaft  ducted-fan  engine  on  the  number 
of  revolutions . 
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Pig.  19.1**.  Throttle  char¬ 
acteristics  of  a  single- 
shaft  ducted-fan  engine  and 
TRD. 


In  accordance  with  higher  values  of  gas  temperature  in  front 

of  the  turbine  and  retarded  drop  in  airflow  with  throttling,  the 

thrust  of  the  ducted-fan  engine  with  respect  to  the  number  of 

revolutions  drops  relatively  slower  than  that  of  the  TPD,  and  the 

specific  fuel  consumption  increases  relatively  faster.  Thus,  for 

instance,  when  n  =  0.65  for  the  ducted-fan  engine  R  =  0.22  and 

C  =1.3;  correspondingly  for  the  TRD  R  =  0.16  and  C  =1.1^. 

yfl  6  J  yfl 

It  is  characteristic  that  the  curve  of  specific  fuel  consump¬ 
tion  of  a  geometrically  fixed  single-shaft  ducted-fan  engine  has  no 
minimum  peculiar  for  characteristics  of  the  standard  one-circuit 
TRD,  owing  to  which  the  regime  of  maximum  thrust  of  the  ducted-fan 
engine  coincides  with  the  regime  of  its  greatest  economy.  In  this 
respect  throttle  characteristics  of  the  ducted-fan  engine  are  similar 
to  characteristics  of  turboprop  engines. 

Physically  the  continuous  increase  in  specific  fuel  consumption 
of  a  geometrically  fixed  ducted-fan  engine  with  a  lowering  of  numbers 
of  revolutions  is  explained  by  the  worsening  of  effective  efficiency 
of  the  cycle  with  a  relatively  small  "specific"  weight  in  the 
ducted-fan  engine  of  losses  with  exit  velocity.  At  the  same  time, 


for  the  TRD  the  decrease  in  considerable  losses  of  kinetic  energy 

of  flow  with  the  throttling  of  the  engine  leads  to  the  appearance 

of  a  minimum  C  .  The  continuous  increase  in  C  with  throttling 

ya  ya  6 

leads  tc  the  fact  already  with  a  small  degree  of  throttling  the 

advantage  of  the  ducted-fan  engine  over  the  TRD  with  respect  to 

economy  disappears.  In  regimes  of  deeper  throttling  the  specific 

fuel  consumption  of  the  TRD  now  proves  to  be  essentially  less  than 

that  in  the  ducted-fan  engine  (Fig.  19.15). 


Fig.  19.15.  Comparison 
of  throttle  charac¬ 
teristics  of  the  ducted- 
fan  engine  and  TRD:  a) 
single-shaft  engines; 
b)  double-shaft  engines. 


Figure  19.16  shows  the  throttle  characteristic  of  a  single 
shaft  ducted-fan  engine  Rato  A-65. 
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Fig.  19.16.  Throttle 
characteristic  of 
the  single-shaft 
ducted-fan  engine 
Rato  A-65. 
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We  see  that  properties  noted  above  of  the  throttle  characteristic 
of  the  single-shaft  ducted-fan  engine  are  preserved  even  at  low 
compression  ratios  (  =  4.0).  With  a  decrease  in  numbers  of 

revolutions  the  drop  in  temperature  T ^  is  small  and  is  scarcely 
150°;  the  specific  fuel  consumption  of  the  engine  in  this  case 
continuously  increases. 

19.2.1.6.  Accelerating  Capacity  of  a 
Single-Shaft  Ducted-Fan  Engined 

Higher  values  of  gas  temperature  in  front  of  the  turbine  of  the 
ducted-fan  engine  in  the  whole  range  of  operational  regimes  indicates 
the  less  reserve  of  surplus  power  on  the  shaft  of  the  turbocompressor 


— Nh, 

i.e.,  the  difference  betv/een  the  available  power  of  the  turbine 
(determined  by  the  maximum  permissible  temperature  of  the  gases  rj(inil)) 
and  the  necessary  power  of  the  compressor  (which  determines  the  gas 
temperature  in  front  of  the  turbine  in  the  given  equilibrium  regime). 
This  circumstance  increases  the  time  of  acceleration  of  the  engine 
(exit  into  the  regime)  and,  consequently,  conditions  its  poorer 
accelerating  capacity. 

The  ease  of  starting  (including,  the  prevention  of  the  inadmissi¬ 
ble  excess  in  the  gas  temperature)  and  improvement  of  the  accelerating 
capacity  of  the  single-shaft  ducted-fan  engine  can  be  achieved  by 
its  special  control,  for  example: 

1)  opening  of  the  Jet  nozzle  of  the  second  circuit; 

2)  turning  off  the  operation  of  the  second  circuit  (by  means 

of  covering  the  blades  of  rotary  guide  vane  at  the  entrance  into 
the  compressor) ; 

3)  opening  of  the  Jet  nozzle  of  the  first  circuit; 

4)  passage  to  a  double-shaft  scheme  of  the  ducted-fan  engine. 
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At  the  opening  of  the  Jet  nozzle  of  the  second  circuit  the  power 
of  the  compressor  of  the  second  circuit  decreases  (since  the  rate 
of  airflow  in  this  case  insignificantly  increases,  and  the  degree 
of  increase  in  the  pressure  is  considerably  decreased);  the  same 
effect  is  reached  with  the  covering  of  blades  of  the  rotary  guide 
vane  installed  at  the  entrance  into  the  compressor  of  the  second 
circuit  (airflow  through  the  circuit  is  reduced  due  to  a  drop  in 
tt*h  and,  furthermore,  the  effective  work  of  the  compressor  is 
decreased) . 

The  complete  closing  of  the  blades  at  the  entrance  into  the 
compressor  transfers  the  ducted-fan  engine  into  the  regime  of 
operation  of  the  TRD,  but  this  method  does  not  prevent  a  certain 
expenditure  of  power  to  friction  and  heating  of  air  circulating  in 
the  interblade  spaces  upon  the  rotation  of  the  rotor.  Furthermore, 
with  the  turning  off  of  the  operation  of  the  compressor,  the  turbine 
will  cross  over  to  partial  load  operating  regime,  which  is  charac¬ 
terized  by  additional  losses.  With  the  opening  of  the  jet  nozzle 
of  the  first  circuit,  the  available  power  of  the  turbine,  as  a 
result  of  the  increase  in  the  drop  in  pressures  triggered  in  it, 
increases . 

Finally,  passage  to  a  double-shaft  design  of  the  ducted-fan 
engine  reduces  the  regularity  of  the  change  in  T*  with  respect  to 
the  number  of  revolutions  to  the  case  of  the  double-shaft  TRD. 

19.2.2.  Throttle  Characteristics  of  a  Double-Shaft 
Ducted-Fan  Engine 

The  tendency  to  eliminate  operational  deficiencies  inherent  in 
a  single-shaft  ducted-fan  engine  and  to  improve  the  basic  criteria 
of  these  engines  in  the  rated  regime1  led  to  the  appearance  of  a 

'The  use  of  a  double-shaft  design  allows  increasing  the  pressure 
state  of  stages  of  the  high-pressure  compressor  of  the  first  circuit 
by  means  of  reduction  of  the  circumferential  velocity  of  its  blades 
down  to  a  limiting  value.  This  makes  it  possible  to  decrease  the 
overall  length  and  specific  weight  of  the  engine. 


double-shaft  ducted-fan  engine  In  the  early  stage  of  their  develop¬ 
ment  (engine  Rolls-Royce  "Conway"). 

At  present  the  majority  of  the  ducted-fan  engines  are  made  in 
the  double-shaft  design. 

19.2.2.1.  Throttle  Characteristics  of 
Double-Shaft  Ducted-Fan  Engines  with  a 
Common  ND  Compressor  and  Separate  Exhaust. 

Effect  of  throttling  on  the  process  of  expansion  of  the  gas  in 
a  double-shaft  turbine  of  a  ducted-fan  engine.  The  gas  expansion 

process  in  the  double-shaft  turbine  of  a  ducted-fan  engine  with 

throttling  of  the  engine  occurs  just  as  it  does  in  any  multistage 
turbine  with  exhaust  into  the  external  atmosphere.  With  a  decrease 

in  the  numbers  of  revolutions  the  drop  in  pressures  in  the  turbine 

is  lowered,  beginning  from  its  last  stage  (located  nearest  to  the 
external  atmosphere).  This  lowering  of  tt*  gradually  covers  stages 
installed  upstream. 

Let  us  assume  that  in  the  rated  operating  regime  of  the  engine 
(n  =  n^)  velocities  of  the  outflow  of  gas  in  the  Jet  nozzle  of  the 
first  circuit  and  nozzle  box  assemblies  of  VD  and  ND  turbines  reach 
critical  values,  i.e., 


yQi)—*!  (M.«)(M>— ^  C^'-0cha»  *=*  1  • 

With  a  decrease  in  revolution  numbers  in  the  supercritical 
region  of  outflow  from  the  Jet  nozzle  ((«p.c>nnp)  ■=  1,85]  the  lowering 
of  expansion  ratio  of  the  engine  initially  occurs  as  a  result  of  a 
decrease  in  the  pressure  on  the  section  of  the  nozzle.  Drops  in 
pressures  in  VD  and  ND  turbines  remain  constant  (Pig.  19.17). 

At  a  certain  value  of  the  revolution  numbers  n ^  <  in  the 
jet  nozzle  the  subcritical  process  of  outflow  is  established,  i.e., 
<?(M)<1>0-  Beginning  from  this  moment,  a  drop  in  pressure  at  the 
entrance  into  the  jet  nozzle  approaches.  Simultaneously  the 
expansion  ratio  in  the  ND  turbine  is  lowered.  Since  the  regime 


Pig.  19.17.  Redistribution 
of  the  drop  in  pressures 
between  VD  and  ND  turbines 
with  throttling  of  the 
ducted-fan  engine. 


of  outflow  from  the  first  nozzle  box  assembly  of  the  ND  turbine  still 
continues  to  be  preserved  critical,  the  VD  turbine  remains  "blocked" 
with  respect  to  drop  of  pressures,  i.e., 


With  a  further  lowering  of  the  number  of  revolutions  down  to  n ^ 
the  velocity  of  outflow  from  the  first  nozzle  apparatus  of  the  ND 
turbine  becomes  subcritical.  From  this  moment  there  already  approaches 
a  decrease  in  the  drop  in  pressures  in  the  VD  turbine.  Now  between 
VD  and  ND  turbines  the  diminishing  total  pressure  difference  will  be 
redistributed.  With  the  approach  of  to  unity  the  drop 

is  accelerated. 

Figure  19.18  shows  the  experimental  dependence1  of  the  change 
in  <7 (>.[.,)  on  it*. 
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‘After  data  of  Ch.  A.  Meyer  [C.  A.  Meyer]*  (see  the  book  "Jet 
Engines,"  edited  by  0.  Ye.  Lankaster  [0.  E.  Lancaster]*,  Voyenizdat, 
1962,  page  77).  [*Translator ' ?  note:  these  names  have  not  been 
verified] . 
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Fig.  19.18.  Determina¬ 
tion  of  the  regime  of 
operation  of  the  VD 
turbine . 


then  this  graph  shows  the  qualitative  connection  of  the  drop  in  n*(IU) 
as  a  function  of  (mjii  • 

Change  in  temperature  of  the  gas  in  front  of  the  turbine  of  a 
double-shaft  ducted-fan  engine.  The  regularity  of  the  change  in 
temperature  T*  with  respect  to  the  number  of  revolutions  of  a  double¬ 
shaft  ducted-fan  engine  is  completely  determined  by  the  balance  of 
works  of  the  VD  turbocompressor: 

lT<aa)*=te  (Bin . 

whence 

- .  (19.9) 

C»T  • 
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Since  the  first  nozzle  box  assembly  of  the  ND  turbine  in  the 
initial  stage  of  throttling  operates  at  a  critical  pressure 
difference,  then  n*(BJ)  =»const  and  T\  In  this  range  of  numbers 

of  revolutions  there  appears  a  lowering  of  ,  which  is  determined 
by  a  change  in  the  work  of  the  VD  compressor  on  the  number  of 
revolutions.  With  further  throttling  of  fuel  feed  the  drop  in 
pressures  on  the  VD  turbine  is  lowered  (when  )(hj>  <  1#0  ),  in 

consequence  of  which  the  drop  in  T ^  is  slowed  down.  With  a  decrease 
in  the  number  of  revolutions,  the  temperature  of  the  gas  in  front 
of  the  turbine  reaches  a  minimum,  and  then  it  begins  to  Increase. 

The  regularity  of  the  change  in  T ^  in  a  wide  range  of  numbers  of 
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revolutions  of  the  double-shaft  ducted-fan  engine  Droves  to  be  similar 
to  the  corresponding  regularity  for  the  double-shaft  TRD. 


"Slip11  of  turbocompressors  of  high  and  low  pressure.  Since 
with  a  decrease  in  the  gas  temperature  in  front  the  VD  turbine 
the  gas  temperature  rjj  in  front  of  the  ND  turbine  is  lowered,  and 
the  bypass  ratio  y  increases,  then  the  balance  of  works  on  the  ND 
turbocompressor  is  disrupted,  i.e.,  (I+#)£h<ha)  >  ^t(hj). 


As  a  result,  revolutions  of  the  ND  turbocompressor  also  drop 
and  more  intensively  than  do  the  revolutions  of  the  VD  compressor. 
The  drop  in  revolutions  of  the  ND  turbocompressor  is  intensified 
when  the  drop  in  pressures  in  the  jet  nozzle  of  the  first  circuit 
becomes  subcritical,  and  the  drop  in  pressure  difference  in  the  ND 
approaches  (Pig.  19.19).  Thus,  with  throttling  of  the  engine  the 
ratio  of  numbers  of  revolutions  is  continuously  lowered  - 

a  slip  of  the  rotors  appears.  The  slip  of  rotors  in  the  ducted-fan 
engine  occurs  more  intensively  than  it  is  in  the  TRD. 


Pig.  19.19.  Throttle 
characteristic  of  a 
double-shaft  DTRD. 


Change  in  the  bypass  -ratio  of  the  engine  with  throttling.  With 
a  decrease  in  the  numbers  of  revolutions  the  bypass  ratio  of  the 
double-shaft  ducted-fan  engine  Increases.  The  increase  in  y  is 
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conditioned,  as  previously,  by  the  difference  in  compression  ratios 
of  compressors  in  the  circuits  )  and,  consequently,  by  the 

more  rapid  drop  in  airflow  through  the  first  circuit  as  compared 
to  the  second.  However,  the  progressing  drop  in  the  number  of 
revolutions  of  the  ND  compressor  accelerates  the  drop  in  and 

detains  the  increase  in  y.  This  considerably  improves  the  throttle 
characteristics  of  the  double-shaft  ducted-fan  engine  in  comparison 
with  the  single-shaft  (see  Pig.  19.19). 

Redistribution  of  thrust  of  the  ducted-fan  engine  between  the 
circuits  with  throttling.  Figure  19.20  shows  the  change  in  velocities 
of  the  outflow  of  gas  from  the  Jet  nozzles  of  a  double-shaft  ducted- 
fan  engine  with  throttling  of  the  engine. 
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Fig.  19.20.  Change  in 
velocities  of  gas  out¬ 
flow  from  the  jet  nozzles 
of  the  ducted-fan  engine 
with  throttling  of  the 
engine. 


It  Is  characteristic  that  with  a  decrease  in  the  number  of 

revolutions  of  the  engine  the  ratio  of  velocities  of  outflow  from 

circuits  c^/c^  continuously  increases,  reaching  a  value  equal  to 

unity  when  n  «  0.9.  With  a  further  decrease  in  the  number  of 
II  T 

revolutions  a ^  / a ^  continues  to  grow.  Thus,  the  ratio  of  velocities 
of  outflow  deviates  from  the  optimum  value  qn  the 

maximum  regime),  which  indicates  the  worsening  of  the  distribution 
of  energy  between  the  circuits  and  leads  to  a  relative  increase  in 
the  specific  fuel  consumption  of  the  ducted-fan  engine  in  comparison 
with  the  TRD. 


At  the  same  time,  the  relative  increase  in  specific  thrust 
of  the  second  circuit  and  also  the  increase  in  parameter  y  leads 
to  a  considerable  redistribution  of  thrust  between  circuits  of  the 
ducted-fan  engine.  Thus,  if  in  the  rated  regime  (»iM  =»l)  /?i//?n=!,32, 
then  wher.  /7HJ  «0,86  we  have  RilRu *> 0,89. 

Figure  19.21  shows  the  throttle  characteristic  of  a  double¬ 
shaft  ducted-fan  engine  plotted  according  to  the  number  of  revolu¬ 
tions  of  the  NT  turbocompressor. 


Fig.  19.21.  Throttle  characteristic  of 
a  double-shaft  ducted-fan  engine. 

Comparison  of  throttle  characteristics  of  double-shaft  ducted- 
fan  engine  and  TRD.  Figure  19.22  gives  for  a  comparison  throttle 
characteristics  of  a  double-shaft  ducted-fan  engine  and  TRD  on 
the  condition  that  in  design  conditions 

r;«  1300s  K*=  const:  =  12,5 —const;  1/— 1.0.  G,— const. 

We  see  that  transition  to  the  double-shaft  design  allows  con¬ 
siderably  expanding  the  range  of  operating  revolutions,  in  which  the 
advantage  of  the  ducted-fan  TRD  over  the  one-circuit  with  respect 
to  specific  fuel  consumption  is  provided.  However,  a  more  intensive 
drop  in  the  number  of  revolutions  of  the  IID  turbocompressor  of  the 
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Fig.  19.22.  Compari¬ 
son  of  throttle 
characteristics  of  a 
double-shaft  ducted- 
fan  engine  and  TRD. 


ducted-fan  engine  and,  connected  with  this,  more  rapid  decrease 
in  the  total  compression  ratio  lead  to  the  fact  at  a  certain  revolu¬ 
tion  number  («BJ  =0,75)  specific  fuel  consumptions  of  the  engines  are 
equalized,  and  then,  with  further  throttling  of  the  engine,  the 
specific  fuel  consumption  of  the  ducted-fan  engine  becomes  more  than 
that  for  the  TRD.  A  worsening  of  economy  of  the  ducted-fan  engine 
in  regimes  of  great  throttling  is  furthered  by  a  sharp  drop  in  the 
efficiency  of  the  multistage  turbine. 


In  conclusion  let  us  note  that  the  double-shaft  ducted-fan 
engines,  with  front  disposition  of  the  fan,  in  its  operational  quali 
ties  practically  do  not  yield  to  the  best  one-circuit  TRD. 


Fig.  19.23.  Throttle 
characteristic  and 
basic  operating  regimes 
of  a  double-shaft 
ducted- fan  engine. 


Figure  19.23  gives  a  throttle  characteristic  of  the  model 
double-shaft  ducted-fan  engine  with  designation  on  it  of  basic' 
regimes  of  operation:  takeoff  (1);  nominal  (2);  O.85  nominal  (3"1 
and  0.79  nominal  (4). 

19.3*  High-Speed  Characteristics  of  Ducted-Far. 

Jet  Engines 


19.3.1.  High-Speed  Characteristics  of  a  Single-Shaft 

Ducted-Fan  Engine 


19.3.1.1.  Nonboosted  Ducted-Fan 
Engine . 

Let  us  examine  the  high-speed  characteristic  of  a  single-shaft 
nonboosted  ducted-fan  engine  with  program  of  control  for  maximum 
thrust : 

a  —  const;  const. 

Let  us  assume  that  in  the  rated  (test  stand)  regime  of  operation 
(Mq  *  0;  H  ■  0)  parameters  of  the  working  process  of  the  engine  are 
equal  to 


7"J*=1200° K:  a*l(6)  — 15;  n*|I(0)  =2,15; 
y=  1,0;  nj  — 0,90;  n;=0,S5;  nMi^.Tp.eii. 

Maintenance  of  the  constant  number  of  revolutions  of  the  turbo- 
compressor  is  carried  out  with  the  help  of  a  centrifugal  regulator 
of  revolutions,  interlinked  with  the  automatic  fuel  feed  unit. 
Conservation  of  the  fixed  gas  temperature  in  front  of  the  turbine 
is  provided  by  the  control  of  the  critical  section  of  the  jet 
nozzle  of  the  first  circuit  (/*  =  var). 

Initially  we  will  examine  high-speed  characteristics  of  the 
ducted-fan  engine,  obtained  as  a  result  of  an  approximate  calculation , 
without  the  use  of  characteristics  of  the  compressors,  turbines  and 
intakes . 
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The  basic  assumptions  usually  taken  in  approximate  calculations 
of  characteristics  refer  to:  the  constancy  of  operation  of  the 
compressors  (for  both  circuits),  i.e., 

1)  £,„"Const  (with  n  -  const); 

the  constancy  of  particular  efficiencies  and  coefficients  of  losses, 

i.e.. 


2)  »)*  — const;  »)*— const;  s*,t--const;  <?j.c=const;  «K>e--=con$t 

the  assumption  about  the  total  expansion  of  the  pas  in  Jet  nozzles 
of  both  circuits,  i.e., 

3) 

19.3.1.2.  Change  in  Specific  Thrust 
of  the  Ducted-Fan  Engine. 

On  the  test  stand  the  velocity  of  gas  outflow  from  the  first 
circuit  is  more  than  that  from  the  second.  The  latter  is  explained 
by  the  fact  that  at  equal  pressure  differences  in  jet  nozzles  the 
gas  temperature  behind  the  turbine  is  significantly  higher  than  the 
air  temperature  at  the  exit  from  the  compressor  of  the  second 
circuit.  Consequently,  specific  thrusts  of  circuits  are  also 
different,  i.e., 


With  an  increase  in  the  Mg  number  of  flight  specific  thrusts 
of  the  circuits  continuously  drop;  however  the  specific  thrust  of 
the  first  circuit  more  intensively  decreases;  since  the  pressure 
differentials  in  the  jet  nozzle  of  this  circuit  increases  considerably 
slower  than  that  in  the  second.  The  "opening"  of  the  jet  nozzle 
of  the  first  circuit  with  an  increase  in  flight  speed  even  more 
intensifies  this  tendency  '(Pig.  19.24). 
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Fig.  19.24.  Change  in  specific  thrust  of 
the  first  and  second  circuits  of  the 
ducted-fan  engine  with  respect  to  the 
Mq  number  of  flight. 


The  specific  thrust  of  the  ducted-fan  engine  similarly  decreases 
considerably  faster  than  it  does  in  the  original  TRD.  If  in  TRD 
the  specific  thrust  becomes  zero  when  Mq  =  2.8,  then  for  the  ducted- 
fan  engine  we  find  ■  2.4  (Fig.  19.25). 
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Fig.  19.25.  Comparative 
change  in  specific  thrusts 
of  the  ducted-fan  engine 
and  TRD  according  to  the 
Hq  number  of  flight. 


19.3.1.3.  Change  in  Bypass  Ratio. 

With  an  increase  in  the  flight  speed  the  flow  of  gas  per  second 
through  the  second  circuit  increases  and  much  faster  than  through 
the  first  Cx*i  )•  Thus,  the  h,rcass  ratio  of  the  engine  increases 


intensively.  If  when  Mg  c 
find  y  =  1.78  (Fig.  19.26). 


0  we  have  y  *  1,  then  when  Mq  =  3.0  we 


Fig.  19.26.  Change  In 
airflow  in  circuits  of 
the  ducted-fan  engine  and 
bypass  ratio  with  resnect 
to  the  Mg  number  of  flight. 


A  rapid  increase  in  the  bypass  ratio  of  the  engine  with  respect 
to  Mg  number  leads  to  an  increase  In  necessary  work  of  turbine 
equal  to 

n> 

To  maintain  T*  =  const  it  is  necessary  with  an  increase  in  Mg 
to  increase  tt#  and,  consequently,  "open"  the  Jet  nozzle  of  the  first 
circuit . 

19.3.1.^.  Change  in  Total  Thrust 
of  the  Ducted-Fan  Engine. 

Peculiarities  of  the  passage  of  curves  of  specific  thrusts 
and  airflows  in  the  circuits  determine  regularities  of  the  change 
in  total  thrusts  Pj,  Rjj  and  E.  Thus,  the  thrust  in  the  second 
circuit  drops  considerably  more  slowly  than  it  does  in  the  first. 

If  at  subsonic  flight  speeds  R£>Ru,  then  at  high  supersonic  flight 
speeds  Rn>Ri  (Fig.  19.27). 
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Pig.  19.27.  Change  in 
thrust  of  the  first  and 
second  circuits  of  the 
ducted-fan  engine  with 
respect  to  the  Mn  number  of 
flight.  u 


The  total  thrust  of  the  ducted-fan  engine  also  is  continuously 
lowered  with  respect  to  the  flight  speed,  and  the  rate  of  its  drop 
is  incomparably  more  rapid  than  that  in  the  original  TRD. 


It  must  be  noted  that  the  more  bypass  ratio  of  the  engine,  the 
steeply  the  curve  of  the  change  in  thrust  drops  with  respect  to  the 
flight  speed,  and  the  less  the  Mq  number  at  which  the  thrust  of  the 
engine  approaches  zero  (Pig.  19.28). 


Pig.  19.28.  Effect  of 
the  bypass  ratio  on 
thruct  characteristics  of 
the  ducted-fan  engine  with 
respect  to  the  Mn  number 
of  flight.  u 


19.3.1.5.  Change  in  Efficiency  of 
the  Ducted-Fan  Engine  with  Respect 
to  Flight  Speed. 


Let  us  compare  the  change  in  efficiency  (effective,  thrust, 
and  total)  of  a  one-circuit  and  ducted-fan  TRD  with  respect  to  the 
speed  of  flight  (Pig.  19.29). 


The  transmission  of  mechanical  energy  (through  the  turbine  and 
compressor  of  the  second  circ..'4:)  decreases  velocity  of  outflow 


Fig.  19.29.  Change  in 
efficiency  of  a  ducted-fan 
engine  and  TRD  with  respect 
to  the  Mq  number  of  flight. 


from  the  first  circuit  and  increases  the  velocity  of  outflow  from 
the  second  circuit;  however  with  the  applied  methods  of  the  distri¬ 
bution  of  energy  between  the  circuits  the  velocity  of  gas  outflow 
from  the  second  circuit  is  always  less  than  that  from  the  first 
(by  30-40%);  in  any  case,  numeral  values  a *  and  2^  is  considerably 
less  than  the  velocity  of  outflow  from  the  Jet  nozzle  of  the  original 
TRD.  Therefore,  the  thrust  efficiency  of  the  ducted-fan  TRD  at  ail 
flight  speeds  (and  specially  at  the  subsonic)  is  considerably  more 
than  that  in  the  one-circuit  TRD. 

Since  the  transmission  of  mechanical  energy  into  the  second 
circuit  of  the  engine  occurs  with  losses,  then  the  effective  effi¬ 
ciency  of  the  ducted- fan  TRD  is  less  than  that  in  the  standard  TRD, 
and  this  decrease  becomes  specially  noticeable  at  high  supersonic 
flight  speeds.  At  these  flight  speeds  the  transmission  of  mechanical 
energy  is  generally  little  effective,  because  it  considerably 
decreases  the  thrust  in  the  first  circuit  and  insignificantly 
increases  the  thrust  in  the  second  circuit. 

Ultimately,  the  total  efficiency  of  the  ducted-fan  engine 
noticeably  exceeds  in  numeral  value  the  efficiency  of  the  TRD,  and 
in  the  case  of  considered  parameters  of  the  working  process  -  only 
in  the  range  of  numbers  from  zero  to  1.4.  At  high  supersonic 
flight  speeds  (Mq  >  1.4)  the  total  efficiency  of  the  TRD  is  higher 
than  that  in  the  ducted-fan  engine. 
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19.3.1.6.  Change  In  Specific  Fuel 
Consumption. 


On  the  test  stand  the  specific  fuel  consumption  of  the  ducted- 
fan  engine  with  parameters  of  the  working  process  given  above  is 

equal  to  C  ■  0.60;  it  is  considerably  less  than  that  in  the 

y<fl 

original  TRD  for  which  ■  0.79. 

yn 

With  an  increase  in  the  MQ  number  of  flight  the  specific  fuel 
consumption  n"  the  ducted-fan  engine  and  TRD  continuously  increases, 
since  the  effective  work  of  1  kgf  of  thrust  increases,  and  therefore 
the  expended  energy  in  the  form  of  fuel  consumption  per  1  kgf  of 
thrust  per  hour  Increases.  However,  the  rate  of  increase  of  the 
specific  fuel  consumption  of  the  ducted-fan  engine  with  respect  to 
flight  speed  is  considerably  more  than  that  for  the  TRD.  Thus,  with 
an  increase  in  the  Mg  number  the  break  between  curves  in  the 
ducted-fan  engine  and  TRD  is  always  shortened,  and  when  MQ  =  1.4 
the  economies  of  the  compared  engines  are  equalized.  With  a  further 
increase  in  Mg  the  specific  fuel  consumption  of  the  ducted-fan  engine 
already  surpasses  the  C  of  the  TRD  (Pig.  19.30). 

J 


Pig.  19.30.  Change  in 
specific  fuel  consumption  of 
the  ducted-fan  engine  anr. 

TRD  with  respect  to  Mn  number 
of  flight. 


The  correlation  between  specific  fuel  consumptions  of  the 
engines  being  compared  at  -the  same  flight  speed  is  equal  to 

C.ymTIU)  loUTM) 
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or 


Figure  19.31  shows  the  effect  of  bypass  ratio  on  the  change  in 
C  of  the  ducted-fan  TRD  with  respect  to  flight  speed.  The  more 

j  iH 

y  is,  the  less  the  test  stand  value  and  the  less  the  number  Mg 

of  flight  at  which  the  advantage  in  the  economy  of  the  ducted-fan 
engine  over  the  original  TRD  disappears. 


Fig.  19.31.  Effect  of 
the  bypass  ratio  on  the 
change  in  specific  fuel 
consumption  of  the  ducted- 
fan  engine  with  respect 
to  Mg  number  of  flight . 


It  is  characteristic  that  if  the  efficiency  of  the  second 
circuit  was  equal  to  unity,  then  in  the  whole  range  of  Mg  numbers  of 
flight  the  ducted-fan  engine  would  be  more  economical  than  the 
TRD  (Fig.  19.32). 


Fig.  19.32.  Effect  of 
the  efficiency  of  the 
second  circuit  n-j-j  on 

the  change  in  specific 
fuel  consumption  of  the 
ducted-fan  engine  with 
respect  to  Mn  number  of 
flight.  u 
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19.3.2.  Peculiarities  of  High-Speed  Characteristics 
of  Double-Shaft  Ducted-Fan  Engines 


Let  us  examine  peculiarities  of  high-speed  characteristics  of 
double-shaft  ducted-fan  engines  with  a  separate  exhaust  (see  diagram 
b  on  Fig.  17.7)  with  two  programs  of  control: 

1 )  //ru— const  and  /„  — const; 

2)  »hj—  const  and  /s=*const. 

19.3.2.1.  Program  of  Control 

"h.i  “const  • 

With  an  increase  in  the  flight  speed  bypass  ratio  of  the  engine 
increases,  since  the  rate  of  airflow  through  the  second  circuit- 
increases  faster  than  that  through  the  first  circuit  (^Tn  <-'tki  )•  In 
this  case  angles  of  the  advance  of  flow  on  blades  of  the  fan  increase, 
and  on  blades  of  last  steps  of  the  VD  compressor  they  decrease. 

If  then  the  work  of  the  VD  compressor,  with  a  decrease 

*  n  the  redneof?  revolution  number  niu<-p>  approximately  maintains  a 
•oust aril  /aluo.  Then  from  the  equation  of  balance  of  works  of  the 
VD  turbocompressor 

=£t  ( BJ9 1  ) 

we  find  that  the  gas  temperature  in  front  of  the  turbine  also  does 
not  change j  consequently,  T|j  »  const. 

Simultaneously,  the  "loading"  of  the  fan  and  disruption  of  the 
balance  of  works  of  the  ND  turbocompressor  approach: 

(1  +  it)&c(Ha)>£r(H.H), 

as  a  result  of  which  the  revolution  number  of  the  ND  shaft  Is 
lowered. 
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19.3.2.2.  Program  of  Control 

n  H4-  const  . 


In  this  case  the  "loading"  of  the  fan  at  a  constant  number  of 
revolutions  of  its  shaft  leads  to  the  fact  that  the  automatic  unit 
of  fuel  metering  increases  the  fuel  feed  into  the  combustion  chamber 
for  a  corresponding  increase  in  work  of  the  ND  turbine.  Consequently, 
gas  temperatures  2^  and  T jj  increase. 

The  unbalance  of  works  on  the  VD  turbocompressor  (tt(B.i)>ii(iB.n  ) 
which  appeared  as  a  result  of  the  increase  in  7* ,  is  eliminated  by 
means  of  acceleration  of  the  VD  turbocompressor. 

With  an  increase  in  altitude  the  described  regularities  change 
to  the  opposite. 

One  should  note  that  with  the  observance  of  condition  T*  =  const 
the  high-speed  characteristics  of  the  single-shaft  -  nd  double-shaft 
ducted-fan  engine  will  be  distinguished  little  from  each  other. 

19.3.2.3.  Combined  Program  of  Control 
of  the  Ducted-Fan  Engine:  B11  -const 

and  ‘“const  . 

The  real  limitations  appearing  during  flight  operation  force 
in  a  number  of  cases  the  using  of  a  combined  program  of  control, 
which  represents  the  combination  of  programs  =const  and  --const. 

Let  us  examine  the  operation  of  the  ducted-fan  engine  according 
to  the  program  of  control 

rtK(Hjj)=const  and  /j»const. 

Let  /t i<(it,])  be  the  maximum  number  of  revolutions  of  the  ND  com¬ 
pressor  limited  by  the  strength  of  this  cascade  (region  II  on 
Fig.  19.33). 

The  range  of  values  T*„,  in  which  there  is  observed  condition 
tfi.’(Hj) = const,  is  limited  on  the  one  hand  by  a  certain  minimum  value 


494 


Pig.  19.33.  Combined 
program  of  control  of 

the  DTRDF11. 


of  T]r  at  which  the  reduced  revolution  number  of  the  ND  compressor 
reaches  a  maximum,  and  there  approaches  "blocking"  at  the  entrance 
into  the  compressor  along  the  airflow  (i.e.,  with  an  increase* 
in  flHj'iy)  the  Increase  in  9(>.i)<hj>  )  ceases .  Beginning  from  this 
number  of  revolutions,  it  is  necessary  to  turn  to  the  control  of 
■  const.  This  means  that  with  a  further  lowering  of  T* , 

M 

physical  ND  revolutions  already  must  drop. 

Thus,  in  .cgions  of  small  the  limitation  with  respect  to 
the  maximum  productivity  of  the  compressor  (region  I  on  Fig.  10.33) 
approaches : 

In  the  region  of  high  values  of  r*  the  limitation  of  the 
program  «* const  is  connected  with  the  maximum  permissible  value 

of  T Jj.  Actually,  with  the  Increase  in  T*  the  maintaining  nMiu> “Const 
is  reached  by  means  of  an  increase  in  the  fuel  feed  in  the  combustion 
chamber,  and,  as  a  consequence  of  this,  Tl j  and  the  number  of  VD 
revolutions  increase.  It  is  obvious  that  at  a  certain  limiting 
value  of  T*  magnitude  7^  reaches  a  permissible  limit;  now  to  maintain 
r3(max)  "  const  *s  necessary  to  turn  to  the  control  of  =const; 

this  means  now  "miiai  will  decrease  (region  III  on  Fig.  19.33). 

Figure  19.33  shows  the  change  in  regime  parameters  of  the 
ducted-fan  engine  for  the  considered  case  of  the  combined  program 
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of  control.  We  see  clearly  that  section  ^(HA)  =  const  corresponds  to 
relatively  srr.all  changes  In  «iu<nr)  and  rtiuinp) .  and  also  a  small  shift 
In  regime  point  on  characteristics  of  ND  and  VD  compressors;  on 
section  =const  the  drop  in  reduced  numbers  cf  revolutions  of 

ND  and  VD  compressors  and  also  displacement  of  regime  points  of  the 
compressor  sharply  Increase. 

19.3.3.  Effect  of  Forcing  on  the  High-Speed 
Characteristic  of  the  Ducted-Fan  Engine 

At  large  values  of  tt#  the  nonfcoosted  ducted-fan  engine  has  a 

K  1. 

continuous  drop  in  thrust  and  intensive  increase  in  specific  fuel 
consumption  on  the  Mg  number  of  flight. 

The  additional  fuel  combustion  in  the  second  circuit  at  high 
values  of  T*  sharply  increases  the  specific  thrust  on  the  test  stand 
and  delays  its  drop  in  flight.  Thus,  the  thrust  of  the  DTRDF"1  has 
no  specific  alp  al  low  flight  speeds  and  very  intensively  increases 
in  the  supersonic  region;  only  at  Mg  numbers  of  flight,  at  which  in 
the  first  circuit  negative  thrust  is  formed,  a  sharp  drop  in  the 
total  thrust  of  the  engine  approaches  (Fig.  19*3*0. 


Fig.  19.3*0  Comparison 
of  nigh-speed  character¬ 
istic  of  the  ducted-fan 
engine  and  DTRDF. 


The  introduction  of  forcing  in  the  second  circuit  considerably 
increases  the  specific  fuel  consumption  on  the  test  stand.  With 
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an  increase  in  Mq  numbers  of  flight  the  specific  fuel  consumption 
slowly  increases1  so  that  at  supersonic  flight  speeds  it  becomes 
lower  than  that  in  the  original  TRD  (see  Pig.  19.3^) • 


Figure  19*35  gives  high-speed  characteristics  of  a  double-shaft 
PTP.DF11  with  combined  program  control  (see  Fig.  19.33).  Region 
-const  corresponds  to  the  increase  in  parameters  T*  and  T *  at 
almost  a  fixed  value  of  the  bypass  degree.  Region  /JBJ  ^const  corre¬ 
sponds  to  the  constancy  of  parameters  T ^  and  T *  and  increase  in  y  . 


Fig.  19*35.  High-speed 
characteristics  of  the 
double-shaft  DTRDFH  with 
a  combined  program  of 
control . 


The  thrust  and  specific  fuel  consumption  of  the  DTFDF^1  con¬ 
tinuously  increase  in  the  interval  of  numbers 

Mo =0, 6-2.5. 

19- 4.  Altitude  Characteristics  of  Ducted-Fan  Engines 


Characteristics  of  ducted-fan  TRD  with  respect  to  altitude  of 
flight  (or  altitude  characteristics)  are  dependences  of  total 


'At  separate  sections  of  the  characteristic  there  can  even  be 
a  reduction  in  C 
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thrust  and  also  of  specific  fuel  consumption  on  flight  altitude  at 
a  constant  flight  speed  (or  MQ  =  const)  and  accepted  program  of 
control  of  the  engine. 

19. 4.1.  Altitude  Characteristic  of  a  Single-Shaft 
Nonboosted  Ducted-Fan  Engine 

Let  us  examine  the  high-speed  characteristic  of  a  single-shaft, 
nonboosted  ducted-fan  engine  with  a  program  of  control  for  maximum 
thrust : 


n  - const  and  TJ= const. 

Let  us  assume  that  the  sustaining  of  constant  gas  temperature 
in  front  of  the  turbine  is  provided  by  means  of  adjustment  of  the 
critical  section  of  the  jet  nozzle  of  the  first  circuit. 

Let  us  produce  the  construction  and  analysis  of  altitude 
characteristic  initially  under  the  usual  assumptions: 

1)  /,„= const; 

2)  >1* —  const:  >l*=~const;  — const:  ?M- const;  con<t; 

3) 

Let  us  take  as  the  original  "test  stand"  data  the  same  data  as 
is  used  in  the  construction  of  the  hi^h-speed  characteristic  for 
a  single-shaft  ducted-fan  engine1. 

Let  us  assume  that  at  all  altitudes  of  flight  MQ  =  0.9  =  const. 
19. 4.1.1.  Change  in  Specific  Thrust. 

With  an  increase  in  altitude  when  «  =  const  (L,(=const)  the  com¬ 
pression  ratio  of  the  compressors  in  circuits  (.t*i  and  .1^1 )  increase, 
and  the  degree  of  preheating  of  the  working  medium  A—T\ITU  increases; 
this  leads  to  a  velocity  increase  in  the  outflow  from  the  jet  nozzle 
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of  the  first  circuit.  The  velocity  of  outflow  from  the  second 
circuit,  conversely,  slowly  decreases,  since  the  temperature  T y*  at 
the  exit  from  the  compressor  is  lowered.  Ultimately  the  specific 
thrust  of  the  first  circuit  increases  very  considerably.  Magnitude 
R  somewhat  increases  as  a  result  of  a  decrease  in  the  flight 
speed  V  when  Mq  *  const.  On  the  whole  the  specific  thrust  of  the 
ducted-fan  engine  increases  considerably  more  intensively  than  that 
in  the  original  TRD  (Fig.  19.36).  Thus,  for  instance,  at  the 
altitude  of  H  =  11  km  we  have  citiu)  =  1.57,  and  Tfy.n tpj)  =  1.3**. 


Fig.  19.36.  Comparative 
change  in  specific  thrusts 
of  the  ducted-fan  engine 
and  TRD  with  respect  to 
flight  altitude. 


Thus,  the  effect  of  altitude  and  speed  of  flight  on  specific 
thrusts  of  the  ducted-fan  engine  and  TRD  proves  to  be  the  opposite. 

19. *1.1.2.  Change  in  Bypass  Ratio 
of  the  Engine. 

An  increase  in  flight  altitude  leads  to  an  intensified  drop 
in  airflow  in  the  second  circuit,  i.e.,  where  the  compression  ratio 
of  the  compressor  increases  more  slowly.  Ultimately  (Fig.  19.37) 
the  bypass  ratio  of  the  ducted-fan  engine  is  lowered.  True,  this 
lowering  does  not  exceed  20%  in  the  whole  range  of  flight  altitudes 
(up  to  H  *  11  km) . 

The  decrease  in  the  bypass  state  has  still  that  sense  that 
the  flow  of  air  of  the  ducted-fan  engine  drops  with  an  increase  in 
altitude  more  intensively  than  in  the  original  TRD  (£Tpji  -^i)-  The 
latter  is  clearly  shown  on  Fig.  19.37. 
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Fig.  19.37.  Change  in  airflow  in  the 
first  and  second  circuits  and  bypass 
ratio  of  the  ducted-fan  engine  with  an 
increase  in  flight  altitude. 


19.4.1.3.  Change  in  Thrust  of  the 
Ducted-Fan  Engine. 

Thus,  the  specific  thrust  of  the  ducted-fan  engine  increases 
with  respect  to  the  altitude  of  flight  but  more  rapidly  than  that 
in  the  original  TRD .  The  airflow  of  a  ducted-fan  engine  decreases 
with  an  increase  in  flight  altitude,  and  also  more  inter  vely  than 
in  the  TRD.  Ultimately  the  total  thrust  of  the  ducted-^an  engine 
with  an  increase  in  altitude  is  lowered  somewhat  mc-e  slowly  than 
that  in  the  TRD  (Fig.  19.38). 

19.4.1.4.  Change  in  Efficiency  of 
the  Engine. 

A  velocity  increase  in  the  outflow  from  the  jet  nozzle  with 
the  lowering  of  flight  speed  always  leads  to  a  drop  in  thrust 
efficiency.  An  increase  in  the  compression  ratio  and  degree  of 
preheating  of  the  thermodynamic  cycle  somewhat  improves  the 
effective  efficiency. 


Fig.  19.38.  Change  in  thrust  and 
specific  fuel  consumption  of  a 
ducted-fan  engine  and  TRD  with  an 
increase  in  flight  altitude. 


Ultimately  the  total  efficiency  of  the  ducted-fan  engine  with 
an  increase  in  altitude  of  flight  somewhat  increases,  whereas  at 
assigned  parameters  of  the  working  process  in  the  TRD  it  even  slowly 
drops . 


I?  ,h.l  .  9  ""hange  in  Specific 
Fuel  Consumption. 

With  an  increase  in  flight  altitude  the  specific  fuel  con¬ 
sumption  of  the  ducted-fan  engine  is  decreased  (see  Fig.  19.38). 

The  latter  is  explained  by  a  more  effective  conversion  of  heat  into 
thrust  work  (i.e.,  increase  in  Hq)  with  a  certain  decrease  in  the 
work  of  1  kgf  of  thrust  (as  a  result  of  the  lowering  of  V) . 

An  increase  in  the  economy  of  the  ducted-fan  engine  with  an 
increase  in  flight  altitude  proves  to  be  somewhat  more  considerable 
than  that  in  the  TRD  (up  to  4-5*  at  the  altitude  of  H  «  11  km). 

In  conclusion  let  us  give  the  altitude  characteristic  of  a 
double-shaft  ducted-fan  engine  (Fig.  19.39)  plotted  taking  into 
account  the  change  in  efficiency  of  VD  and  ND  compressors. 
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Pig.  19.39.  Altitude 
characteristic  of  a 
double-shaft  ducted-fan 
engine  (y  =  1). 
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19.5.  Peculiarities  of  Operational  Characteristics 
of  Ducted-Fan  TRD  at  High  Bypass  Ratios 


During  recent  years  the  attention  of  scientists,  researchers, 
and  designers,  working  in  the  field  of  aviation  has  been  given  to 
the  problem  of  the  creation  of  large  ducted-fan  engines  with  high 
bypass  ratios  (y  =  6-8).  Such  ducted-fan  engines  at  high  values  of 
gas  temperature  in  front  of  the  turbine  (T^  =  1300-l600°K)  and  total 
compression  ratio  (tt#  =  25-30)  can  provide  extremely  low  specific 

H 

fuel  consumptions  on  the  test  stand  [C  =  0.28-0.35  kg/(kgf*h)] 
and  in  flight  at  subsonic  speed  [C  =  0. 58-0. 65  kg/(kgf*h)  at 
MQ  =  0.7-0. 9  and  H  -  11  km].  Consequently,  perspective  ducted-fan 
engines  being  created  (for  example,  the  Pratt-Whitney  JT  9D-1, 
Rolls-Royce  RB.211,  General-Electric  TF-39)  will  be  more  economical 
in  flight  than  contemporary  turboprop  engines  (Fig.  19.^0),  moreover 
considerably  exceeding  in  their  high  operational  reliability, 
simplicity  of  design  and  low  specific  weight  (y  -  0.15-0.17 
kg/kgf  of  thrust). 
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Fig.  19*^0.  Throttle  char¬ 
acteristics  of  a  three- 
shaft  ducted-fan  engine 
Rolls-Royce  RB.178  in  the 
cruising  flight  regime. 
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Use  of  the  ducted-fan  engine  with  high  bypass  ratios  in  civil 
aviation  makes  it  possible  to  reduce  considerably  the  operational 
expenditures  (by  approximately  1/k )  and  provide  a  rapid  increase  in 
passenger  transportation. 

Below  certain  peculiarities  of  the  operational  characteristics 
of  such  engines  are  examined. 

19.5.1.  Effect  of  the  Bypass  Ratio  on  the  Drop 
in  Thrust  of  the  Ducted-Fan  Engine 
with  a  Takeoff  Run 
of  the  Aircraft 

With  the  takeoff  run  of  the  aircraft  on  the  airfield  before 
the  flight  the  thrust  of  any  TRD  (DTRD)  always  drops.  This  regularity 
is  caused  by  the  rapid  increase  in  the  inlet  pulse  GV/g  at  a 
practically  constant  exit  pulse  for  these  velocities  of  motion  of 
the  aircraft.  For  the  TRD  the  drop  in  thrust  is  small  and  does  net 
exceed  5-7/E.  The  thrust  decay  of  the  ducted-fan  engine  is  more 
considerable;  the  more  it  is,  the  less  in  the  absolute  value  the 
velocity  of  gas  outflow  from  the  circuits,  i.e.,  the  more  the  bypass 
ratio  of  the  ducted-fan  engine  and  the  less  the  specific  thrust  of 
tne  engine. 


The  relative  thrust  of  the  ducted-fan  engine  with  a  takeoff 
run  of  the  aircraft  can  be  calculated  by  the  formula 


where  fly.-uo) 

C/  -  0). 


mO) 


(19.10) 


specific  thrust  of  the  ducted-fan  engine  on  takeoff 


Table  19.2  gives  values  of  F  for  the  takeoff  speed  of  the 
aircraft  7QTp  ■  70  m/s. 

Thrust  decay  of  the  DtRD  on  takeoff  must  be  considered  in  the 
calculation  of  takeoff  and  landing  characteristics  of  the  aircraft. 
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Table  19.2. 


n  kgf  1  ,a 

Ry'  (0'’kg7s  j  70 

GO 

55  j  50 

45 

to 

35  |  30 

1 

23 

20 

1  1 

R  0,90  0.88,0.87  0,86 

till 

0,84  j  0.82 

1 

0.60  j  0,76  |  0.71 

0.04 

Figure  19.41  shows  the  effect  of  Rym  on  the  drop  in  thrust  of 
the  ducted-fan  engine  with  takeoff  run  of  the  aircraft. 
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Fig.  19.41.  Effect  of  /?»«<•)  on  the  drop  in  thrust 
of  the  ducted-fan  engine  with  takeoff  run  of  the 
aircraft . 


19.5.2.  Effect  of  the  Bypass  Ratio  on  Throttle 
Characteristics  of  the  Engine  in  the 
Cruising  Regime  of  Flight 

It  is  known  that  the  magnitude  of  thrust  of  engines  of  subsonic 
aircraft  is  selected  from  the  condition  of  providing  satisfactory 
takeoff  and  landing  characteristics.  In  flight  at  the  cruising 
regime  (for  example,  at  Mn,,  N  «  0.8  and  H ,,  ,,  =  11  km)  the  thrust 
of  the  powerplant  proves  to  be  excessive,  and  the  TRD  (ducted-fan 
engine)  must  be  throttled.’ 
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In  Chapter  11  it  was  shown  that  with  the  lowering  of  the 
revolution  number  of  the  TRD  (ducted-fan  engine)  the  specific  fuel 
consumption  is  initially  lowered,  and  only  with  great  throttling  of 
the  engine  does  it  begin  to  increase.  However,  at  high  values  of  y 
the  throttling  of  the  ducted- fan  engine  in  the  cruising  flight  regime 
(M0  *  0.8;  H  «  11  km)  leads  to  the  fact  that  lowering  of  Cyfl  is 
slowed  down  and  is  even  completely  ceases.  When  y  >  6  the  lowering 
of  the  number  of  revolutions  of  the  double-shaft  ducted-fan  engine 
is  connected  with  the  continuous  increase  in  specific  fuel  con¬ 
sumption  (Fig.  19. 42). 


Fig.  19.42.  Effect  of 
the  bypass  ratio  on 
takeoff  thrust  of  the 
ducted-fan  engine  with 
a  takeoff  run. 


19.5.3.  Effect  of  the  Bypass  Ratio  on  Takeoff 
Thrust  of  the  Ducted-Fan  Engine 


Let  us  assume  that  the  necessary  thrust  of  an  aircraft  for 
flight  at  subsonic  velocity  at  an  altitude  maintains  a  fixed  value. 
This  means  that  the  engine  in  the  cruising  regime  must  also  develop 
fixed  thrust  at  the  given  degree  of  throttling.  Then  with  an 
increase  in  the  bypass  ratio  takeoff  (maximum)  thrust  will  increase, 
and  the  ratio  of  cruising  (flight)  thrust  to  takeoff  "bench,"  i.e., 
Rt.nmIRomtx  will  continuously  drop  (Fig.  19.43). 


Fig.  19.43.  Effect  of 
the  bypass  ratio  on  take¬ 
off  thrust  of  the  ducted- 
fan  engine  with  a  takeoff 
run. 
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When  y  =  8,  In  comparison  with  y  =  0,  the  takeoff  thrust 
increases  by  approximately  60% ,  and  the  ratio  Rr, imwIRo m.n  will  be 
lowered  from  0.27  to  0.17,  where  Rr.mw)  -  cruising  thrust  in  the 
altitude-high-speed  conditions . 

The  sharper  drop  in  thrust  of  the  ducted-fan  engine  with  an 
increase  in  altitude  of  flight  with  an  increase  in  y  is  explained  by 
the  fact  that  at  subsonic  flight  speeds  (when  T*  <  288°K)  the  airflow 

K 

drops  more  rapidly  and  the  specific  thrust  of  the  ducted-fan  engine 
increases  more  slowly.  The  latter  is  conditioned  by  the  fact  that 
with  an  increase  in  y,  and,  respectively,  with  less  value  of  tt*  t  , 
thrust  of  the  second  circuit  drops  more  rapidly. 

An  increase  in  takeoff  thrust  improves  the  takeoff  and  landing 
characteristics  of  the  aircraft,  but  it  simultaneously  leads  to  a 
certain  loading  of  the  powerplant. 

Figure  19. 4A  shows  altitude-high-speed  characteristics  of  the 
ducted-fan  engine  Rolls-Royce  "Spey"  25  plotted  for  various  regimes 
of  operation  of  the  engine. 

19.6.  Fore  ng  of  Ducted-Fan  TRD  on  Takeoff 

One  of  the  important  advantages  of  ducted-fan  TRD  in  comparison 
with  other  types  of  jet  engines  is  the  possibility  of  very  con¬ 
siderable  forcing  of  thrust  of  the  engine  on  takeoff  by  means  of  an 
additional  fuel  combustion  in  afterburners. 

The  greatest  increase  in  thrust  of  the  ducted-fan  engine  in 
practice  can  be  obtained  with  the  equality  of  temperatures  of  forcing 
and  equal  total  pressure  of  gas  in  both  circuits. 

With  a  fixed  total  rate  of  airflow  (Cj,  =  const)  the  degree  of 
forcing  of  the  ducted-fan  TRD  depends  only  on  the  ratio  of  maximum 
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cteristic  of  OTP.D  Rolla-Boyce  "Spey"  Z5 flL  *3~£S) 
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Fig.  19. 4ft.  Altitude-high-speed  characteristics  of  the  ducted-fan  engine  Rolls-Royce  "Spev"  25 
(RB. 163-25):  a)  E  -  0;  b)  H  =  1C. 7  kn:.  [CAY  -  expansion  unknovm]. 


temperature  of  forcing  to  the  averaged  mass  temperature  of  the  pas 
in  the  circuits  (before  the  combustion  of  the  fuel),  i.e., 

*1TP.W»+»  _1/  It. 

#jitwi  *  r*p  * 

where 

r* 

tf  1+*  ' 

With  an  increase  in  y  the  degree  of  forcing  continuously 
increases  (see  Table  19.3);  when  y  ■  2,  T*  *  2000°K  and  Tjj  *=  1000°K 
it  is  equal  to  approximately  2  (instead  of  1.^  for  the  TRD) . 

Table  19.3.  Comparison  of  degrees  of  forcing  and 
relative  thrusts  of  the  ducted-fan  engine  and  TRD 
(T*  *  2000°K;  T jj  ■  1000°K;  Gj.  ■  const)  when 

B  «  0,  Mg  =  0. 


At  the  same  time,  an  increase  in  the  bypass  ratio  leads  to  a 
decrease  in  the  optimum  velocity  of  outflow  of  gas  from  the  jet 
nozzles  of  the  circuits  and,  consequently,  to  a  decrease  in  the 
specific  thrust  of  the  ducted-fan  engine  (DTRDF). 

Thus,  with  an  increase  in  y  when  G^  ■  const,  the  ratio  of  total 
(specific)  thrust  of  the  DTRDF  (DTRD)  to  the  total  (specific)  thrust 


of  the  TRDF  (TRD)  continuously  drops.  Thus,  for  instance,  y  =  2, 

I1#  =  2000°K  and  Tjj  ■  1000°K  the  following  was  calculated: 

^iI±IL=0l75. 

"tp 

Thus,  the  higher  the  degree  of  forcing  of  the  ducted-fan  engine, 
the  less  its  relative  thrust  in  comparison  with  the  TRDF;  however, 
a  decrease  in  the  latter  is  not  so  great  that  it  is  serious  to 
hamper  the  conditions  of  takeoff  of  the  aircraft. 

Let  us  note  that  the  ducted-fan  engine  with  a  high  bypass  ratio 
with  the  boost  system  turned  off  can  provide  at  subsonic  flight 
speeds  an  exceptionally  good  economy  and  with  the  boost  system 
turned  on  -  a  very  high  degree  of  increase  in  thrust. 

The  advantage  of  the  ducted-fan  engine  with  respect  to  the 
degree  of  forcing  increases  even  more  in  flight. 
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PART  3  I  X 
TURBOPROP  ENGINES 
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CHAPTER  20 

DESIGN  OP  TURBOPROP  ENGINES  AND  THEIR  CLASSIFICATION. 
BASIC  PARAMETERS  OF  THE  TURBOPROP  ENGINE 


20.1.  Design  and  Principle  of  Operation  of  the 
turboprop  Engine 

The  turboprop  engine  Is  called  a  gas-turbine  engine,  the  gas 
turbine  of  which  serves  for  driving  the  compressor  and  the  propeller. 
Consequently,  the  power  of  the  turbine  of  the  turboprop  engine  Is 
equal  to  the  sum  of  the  power  of  the  compressor  (taking  Into  account 
expenditures  for  driving  auxiliary  units)  and  propeller. 

rr,he  turboprop  engine  refers  to  engines  of  mixed  thrust,  since 
Its  thrust  is  made  up  of  thrust  generated  by  the  propeller,  and 
from  Jet  thrust  obtained  as  a  result  of  the  increase  in  the  quantity 
of  motion  of  air  in  the  engine  itself. 

Basic  elements  of  any  turboprop  engine  (Fig.  20.1)  as  a  power 
plant  are: 

1)  intake; 

2)  compressor  (axial-flow,  centrifugal  or  combined); 

3)  combustion  chamber; 

JJ)  turbine; 
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Fig.  20.1.  Diagram  of  a  turboprop  engine 
(a)  change  in  parameters  of  the  flow  of  gas 
along  the  channel  (b). 


5)  exhaust  (Jet)  nozzle; 


6)  shaft  of  the  propeller; 


7)  reduction  gear. 


The  principle  of  operation  of  the  turboprop  engine  consists  in 
the  following.  Air  entering  from  the  external  atmosphere  is  com¬ 
pressed  in  the  compressor,  is  then  heated  in  the  combustion  chamber 
and  after  this  is  expanded  (usually  up  to  the  external  counter¬ 
pressure)  in  the  gas  turbine. 


Since  as  a  result  of  the  thermodynamic  cycle  the  power  of  the 
turbine  proves  to  be  more  than  the  power  of  the  compressor,  then  its 
surplus  power  is  transferred  through  the  billow  onto  the  propeller. 
The  propeller  with  its  rotation  rejects  in  a  direction  opposite  the 
direction  of  flight  considerable  masses  of  air,  imparting  to  it  a 
certain  increase  in  velocity;  as  a  result  of  this  the  propeller 
develops  very  considerable  thrust. 

The  thrust  of  the  turboprop  engine  is  basically  generated 
because  of  the  thrust  of  the  propeller  (on  a  test  stand  ^95/0  and 
partially  because  of  the  jet  thrust  (^5*),  which  additionally  appears 
with  the  outflow  of  gases  developed  in  the  turbine  into  external 
medium. 


20.1.1.  Design  and  Gas-Dynamic  Peculiarities  of  the 
Turboprop  Engine.  Classification  of  the 
Turboprop  Engine 

In  turboprop  engines,  Just  as  in  turbojet  engines,  axial- flow 
compressors,  which  have  high  efficiency  and  compression  degree  and 
provide,  consequently,  good  economy  of  the  engine,  have  become  wide¬ 
spread.  The  compression  ratio  of  compressors  small  turboprop  engines, 
as  a  rule,  is  equal  to  7-10  and  in  separate  designs  of  large-scale 
turboprop  engines  exceeds  this  value  (turboprop  engine  Rolls-Royce 
"Tyne"  has  ir*  ■  13-5). 

n 

There  should  be  noted  as  an  exception,  the  wide  use  in  operating 
by  English  airlines  of  the  turboprop  engine  Rolls-Royce  "Dart," 
equipped  with  a  two-stage  centrifugal  compressor  (ir*  ■  6.3).  The 

H 

use  of  a  centrifugal  compressor,  which  is  characterized  in  its 
design  by  simplicity  and  high  reliability  in  operation,  allowed  the 
firm  Rolls-Royce  to  bring  the  service  life  of  the  engine  "Dart"  up 
to  6000  hours. 

In  a  number  of  cases  in  the  turboprop  engine  (Bristol  "Proteus," 
Lycoming  T55-L-11)  combined  compressors  are  used,  which  consist  of 
the  several  axial  stages  and  radial  (centrifugal)  stages  installed 
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behind  them.  Such  a  combination  of  axial-flow  and  centrifugal 
compressors  at  high  values  of  the  compression  ratio  and  low  air 
flows  provides  a  relatively  small  overall  length  of  the  engine, 
moderate  overall  diameter,  and  also  acceptable  dimensions  of  blades 
of  the  last  stages  of  the  axial-flow  compressor.  Ultimately,  the 
specific  weight  of  the  engine  is  relatively  lowered,  and,  further¬ 
more,  its  operational  characteristics  (reliability,  antisurge  proper¬ 
ties)  are  improved.  Combined  compressors  are  used  mainly  in  turbo¬ 
prop  engine  of  moderate  and  small  dimensions  (with  low  rates  of  air¬ 
flow)  . 


The  turbine  of  the  turboprop  engine  is  always  made  multistage 
(two,  three  and  more  numbers  of  stages).  This  is  conditioned  not 
only  by  the  great  drop  in  pressures  triggered  in  it,  but  also  by 
the  tendency  to  decrease  the  overall  diameter  of  the  engine,1  which 
in  the  case  of  the  use  of  the  axial-flow  compressor  is  determined 
by  dimensions  of  the  turbine. 


Turboprop  engines  are  made  according  to  single-shaft  and  double¬ 
shaft  designs  (Pig.  20.2). 


Fig.  20.2.  Designs  of  turboprop 
engines:  1  -  single-shaft 
turboprop  engine;  2  —  double¬ 
shaft  compressor;  3  -  double¬ 
shaft  turboprop  engine  with  two- 
stage  compressor. 


1  At  the  assigned  number  of  revolutions  of  the  compressor,  the 
less  the  diameter  and,  consequently,  the  less  the  circumferential 
velocity  of  blades  of  the  turbine,  the  more  the  necessary  number 
of  its  stages. 


.irf  * 
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In  the  single-shaft  turboprop  engine  power  of  the  mutlistage 
turbine  is  expended  for  rotation  of  the  compressor  and  propeller, 
i .e. , 

N'-Nu+N: 


Single-shaft  turboprop  engines  are  quite  simple  in  the  design 
respect  and  are  distinguished  by  a  low  specific  weight.  Amont  these 
are  Soviet  engines  AI-20,  AI-24,  NK-12,  and  also  foreign  turboprop 
engines  Napier  "Eland,"  Rolls-Royce  "Dart"  and  engines  of  the 
Alliscn  firm. 


In  the  practice  of  aircraft  engine  construction  the  design  of 
the  double-shaft  turboprop  engine  has  become  widespread  in  which  the 
free  low-pressure  turbine  rotates  the  propeller,  and  the  high- 
pressure  turbine  rotates  the  compressor. 

Thus , 

and  NrK<~NK. 

According  to  such  design  turboprop  engines  Bristol  "Proteus," 
"Orion"  and  others  have  been  built. 

The  use  of  a  separate  turbine  for  driving  the  propeller  compli¬ 
cates  the  design  of  the  engine  and  in  return  makes  the  control  of 
turboprop  engine  more  flexible,  since  the  number  of  revolutions  of 
the  propeller  can  be  changed  over  wide  limits  independently  of  the 
turn  number  of  the  compressor.  Furthermore,  transition  to  the 
double-shaft  design  facilitates  the  starting  of  the  turboprop  engine 
and  improves  its  accelerating  capacity. 

The  design  of  a  double-shaft  turboprop  engine  in  which  the 
turbine  of  low  pressure  (TND)  rotates  the  propeller  and  compressor 
of  low  pressure  (KND)  is  also  known;  the  high-pressure  turbine 
(TVD)  rotates  the  high-pressure  compressor  (KVD). 

Thus , 
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^THa  +  and  &• 

The  last  design  has  a  number  of  operational  advantages;  specifi¬ 
cally,  it  provides  a  steady  surge-free  operation  of  the  compressor 
without  the  use  of  an  uneconomical  system  of  bypass  valves.  This 
design  is  used  in  the  English  turboprop  engine  Rolls-Royce  "Tyne." 

Turboprop  engines  are  mostly  made  with  total  expansion  of  the 
gas  in  the  turbine  up  to  the  external  counterpressure  (p  =  p  =  p  ). 
In  this  case  the  exhaust  unit  of  the  engine  is  not  a  jet  nozzle 
made  in  the  form  of  a  convergent  channel  but  an  exhaust  pipe  of  the 
diffusion  type.  Since  the  velocity  of  outflow  of  gases  from  the 
turbine  exhaust  unit  exceeds  the  speed  of  flight  [('oc  K  a.  )  >  K], 
and,  consequently,  the  momentum  of  the  mass  of  gas  inside  the  engine 
increases,  then  in  basic  circuit  of  the  turboprop  engine  Jet  thrust 
appears . 

The  turboprop  engine  is  equipped  with  a  reduction  gear  (usually 
of  the  planetary  type),  which  provides  rotation  of  the  propeller 
with  the  most  advantageous  number  of  revolutions  at  which  the  effi¬ 
ciency  and  thrust  of  the  propeller  reach  the  greatest  value.  The 
gear  ratio  of  the  reduction  gear,  in  accordance  with  the  high  number 
of  revolutions  of  the  turbine  shaft,  is  equal  to: 


The  reduction  gear  is  very  complex,  expensive  to  manufacture 
and  extremely  loaded  with  operation  of  subassembly.  Furthermore, 
it  is  distinguished  by  great  weight.  Thus,  for  instance,  the  weight 
of  the  propeller  with  a  reduction  gear  is  almost  equal  to  the  weight 
of  the  turbocompressor  part  of  the  engine.  It  is  known  that  the 
introduction  into  operation  of  the  turboprop  engine  is  usually 
connected  with  troubles  and  defects  in  the  operation  of  this 
important  subassembly  in  the  highest  degree. 
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During  a  number  of  years  the  aviation  industry  of  many  countries 
have  worked  on  the  problem  of  the  creation  of  special  high-speed 
propellers  with  a  supersonic  profile.  The  introduction  of  such 
propellers  would  make  it  possible  to  reject  entirely  reduction  gears 
and  considerably  simplify  and  facilitate  the  design  of  the  turboprop 
engine.  Unfortunately  the  effectiveness  of  supersonic  propellers 
is  sharply  made  worse  in  variable  regimes,  which  prevents  their 
wide  introduction. 

Figure  20.1  shows  a  diagram  of  a  turboprop  engine  with  charac¬ 
teristic  sections  of  a  gas-air  channel,  and  a  diagram  of  the  change 
in  basic  parameters  of  gas  flow  is  also  given. 

20.2.  Basic  Parameters  of  the  Turboprop  Engine 

20.2.1.  Effective  Power  (.N  ) 

e 

The  effective  power  of  the  turboprop  engine  is  the  power  trans¬ 
mitted  to  the  turbine  on  the  shaft  of  the  propeller  (through  the 
reduction  gear).  It  is  equal  to: 

hp.  (20.1) 

75 

where  L,  _  -  work  of  1  kg  of  gas  transmitted  to  the  shaft  of  the 
propeller;  G  -  flow  of  air  in  kg/s. 

20.2.2.  Propeller  Power  ( N ) 

The  propeller  power  of  the  turboorop  engine  is  the  power  obtained 
on  the  nose  of  the  shaft  of  propeller  (i.e.,  fed  to  the  propeller). 

The  propeller  power  is  less  effective,  3ince  it  considers  losses 
conditioned  by  friction  in  the  reduction  gear;  consequently, 


(20.2) 

where  n _  -  efficiency  of  the  reduction  gear;  on  the  average  n  „  3 

pefl  po,q 

«  0.97-0.98. 
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The  propeller  power  can  be  determined  as 

>r  LmO  . 

A«=  —  hp, 

*  75 

where  L_  -  work  of  1  kg  of  gas  fed  to  the  propeller. 

Q 


(po.  •;) 


The  propeller  power  is  the  most  important  parameter  charac¬ 
terizing  the  effectiveness  of  the  turboprop  engine.  The  factory 
manufacturing  the  turboprop  engine  guarantees  this  power  to  the 


user. 


20.2.3.  Thrust  Power  of  the  Propeller  (N') 

b 

Not  all  the  power  fed  to  the  propeller  is  used  for  the  creation 
of  thrust.  Part  of  It  with  rotation  of  the  propeller  is  irreversibly 
dispersed  in  space.  These  losses  of  power  to  friction,  rejection 
and  twist  of  the  flow  are  evaluated  with  the  help  of  the  efficiency 
of  the  propeller. 

The  product  of  the  expended  propeller  power  by  the  efficiency 
of  the  propeller  determines  the  useful  thrust  propeller  power,  i.e.. 


(20. 'O 


20. 2. U.  Thrust  of  the  Propeller 

The  connection  between  thrust  of  the  propeller  and  propeller 
power  is  determined  by  expression 


„  WAT.  75.V.H.  .  , 

'■-'v - -  k':  • 


(20.5) 


where  n  -  efficiency  of  the  propeller. 

B 


20.2.5.  Jet  Thrust  of  the  Turboprop  Engine 


By  analogy  with  the  TRD,  we  have  for  the  case  of  total  expansion 
of  the  gas  in  the  exhaust  Instrument  of  the  turboprop  engine: 
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(20.6) 


kgr. 

20.2.6.  Thrust  of  the  Turboprop  Engine 

The  thrust  of  the  turboprop  engine  is  composed  of  thrust  of  the 
propeller  and  Jet  thrust,  i.e., 

P-Pa+R.  (20.7) 

.’lmilarly,  let  us  write  the  expression  for  specific  thrust: 

+/?»*•  (20.8) 

In  expression  (20.8)  all  terms  are  referred  to  the  flow  of  gas 
per  1  kg/s  through  the  basic  gas-turbine  circuit. 

Let  us  replace  in  expression  (20.7)  P_  and  R  by  their  values 

0 

from  expressions  (20.5)  and  (20.6)  j  then  let  us  obtain 

+  (20.9) 

Having  divided  all  terms  of  expression  (20.9)  by  G,  let  us 
obtain  the  expanded  expression  for  specific  thrust  of  the  turboprop 
engine : 


P?*=s^+i£Lr1*  (20.10) 

With  operation  on  the  ground  expressions  (20.9)  and  (20.10)  turn 
Into  uncertainty  (when  V  ■  0,  then  nB  ■  0).  In  this  case  let  us 
use  the  empirical  dependence 


(20.il) 

where  S  -  ratio  of  thrust  of  the  propeller  with  its  operation  on 
the  ground  to  the  power  fed  to  the  propeller;  6  ■  1.05-1.15;  on  the 
average  6  ■  1.1. 
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Then  for  V  =  0  we  obtain 


/V.jHW.-f-j'V  (20.  ID 

f 

/\m«»  (>,)+  y.  (20.13) 


Thus,  comparing  expressions  (20.5)  and  (20.11),  we  find  for 

V  =  0 


(20.1 '4) 


20.2.7.  Equivalent  Power  of  the  Turboprop  Engine 

The  equivalent  power  of  the  turboprop  engine  is  the  conditional 
power  which  must  be  fed  to  propeller  to  obtain  a  draught  equal  to 
the  total  thrust  of  the  turboprop  engine.  Thus, 

(20.15) 

*  79ty  76iw 

or 

For  the  case  of  operation  of  the  turboprop  engine  on  the  test 
stand  ( V  *  0 ),  let  us  transform  expression  (20.16)  with  the  help  of 
(20.14);  then 


AT.,,, -.V. 


(20.17) 


Simi lar 
the  specific 


to  expression  (20.16), 
equivalent  power: 


let  us  write  the  expression  for 


— /V, 


in)  t 


R„V 
75«W  ' 


(20.18) 
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20.2.8.  Effective  Fuel  Consumption 

Effective  fuel  opneumption  is  the  fuel  consumption  per  hour  of 
the  turboprop  engine  referred  to  the  equivalent  power, 

C(=360°|t--j;H-—  (S0.19) 

The  effective  fuel  consumption  is  an  important  parameter  char¬ 
acterizing  the  economy  of  the  turboprop  engine  as  an  engine. 

20.2.9.  Equivalent  Fuel  Consumption 

The  equivalent  fuel  consumption  is  fuel  consumption  per  hour 
of  the  turboprop  engine  referred  to  equivalent  power, 


C% 


kg 

hp*h 


(20.20) 


For  a  comparison  of  the  turboprop  engine  and  TRD  the  concept 
of  specific  fuel  consumption  (for  1  kg  of  thrust)  is  used: 

— 3600  -k*  — •  (20.21) 

The  connection  between  C  „  and  C  can  be  found,  having  divided 
expression  (20.21)  by  (20.20). 


Then 


(20.22) 


With  operation  on  the  ground 


(20.23) 
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20.2.10.  Efficiencies  of  the  Turboprop  Engine 

20.2.10.1.  Effective  Efficiency. 

Effective  efficiency  of  the  turboprop  engine  and  TRD  are 
identical : 

I  »!,  =  — < (20.24) 

fn 


20.2.10.2.  Thrust  Efficiency. 


The  thrust  efficiency  of  the  turboprop  engine  is  the  ratio  of 
the  work  of  total  thrust  of  the  engine  to  its  effective  work 


(20.2b) 


Since  the  turboprop  engine  has  two  propelling  agents  -  propeller 
and  gas-turbine  circuit  (jet  engine),  the  thrust  efficiency  of  the 
turboprop  engine  numerically  occupies  an  intermediate  position 
between  the  efficiency  of  the  propeller  and  thrust  efficiency  of  the 
Jet  engine. 


20.2.10.3.  Total  Efficiency. 

The  total  efficiency  of  the  turboprop  engine  is  the  ratio  of 
the  heat  equivalent  to  the  work  of  the  total  thrust  to  the  heat 
introduced  with  fuel  into  the  engine, 


„  Up  APytV 
h0  = - =» - - 

9k*  9k* 


(20.26) 


Having  multiplied  expression  (20.24)  by  (20.25),  we  obtain 

► 

n0=W  (20.27) 
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20.3.  Peculiarity  of  Expansion  Process  of  Gas 
in  Turboprop  Engine 

Figure  20.3  gives  in  coordinates  i/A  -a  the  expansion  process 
of  gas  in  the  turbine  of  the  turboprop  engine  for  three  cases: 


a)  b)  c) 

Fig.  20.3.  Expansion  in  the  turbine  of 
the  turboprop  engine:  a)  turbine  with 
incomplete  expansion;  b)  turbine  with 
complete  expansion;  c)  turbine  with  over¬ 
expansion. 

a)  when  the  counterpressure  behind  the  turbine  is  more  external 
(pi  >  p  -  ■  p  ) .  In  this  case  the  final  expansion  of  the  gas  behind 
the  turbine  is  accomplished  in  the  Jet  nozzle  (convergent  channel); 
it  is  obvious  that  o 5  >  a 4\ 

b)  when  gas  is  completely  expanded  in  the  turbine  up  to  the 
external  counterpressure  (p^  =  P5  *  fH)«  In  thls  case  the  exhaust 
nozzle  is  almost  a  cylindrical  pipe1  (a £  *  o^); 

c)  when  the  counterpressure  behind  the  turbine  elow  the 
atmospheric  (p.  <  p,  «  pu),  i.e.,  a  turbine  with  overexpansion.  In 
this  case  the  exhaust  nozzle  is  a  diffusion  channel  in  which  the 
increase  in  gas  pressure  up  to  the  external  occurs  as  a  result  of 
deceleration  of  outflow  (o£  <  0 ^). 

‘With  an  allowance  for  friction,  such  a  channel  has  a  weak 
diffusion  quality  (fs  >  f4). 
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If  from  the  obtained  work  of  expansion  of  1  kg  of  gas  equal  to 


we  subtract  the  work  expended  for  the  compression  of  1  kg  of  gas 


L 


C 


then  we  obtain  the  effective  work  of  the  cycle  of  the  turboprop 
engine 


L,  =  Lt-Lt=L,.t 


cI-VU 


(20.28) 


expended  for  the  rotation  of  the  propeller, 


L%  —  ^T.>>1pcA< 


and  for  the  increase  in  kinetic  energy  of  gas  inside  the  engine, 

r’-KJ 
2*  ‘ 

Regulating  the  exit  section  of  the  exhaust  unit  of  the  turbo¬ 
prop  engine,  and  thus  changing  the  profile  of  the  exhaust  channel 
from  convergent  to  divergent,  it  is  possible  by  various  means  to 
distribute  the  effective  work  of  the  cycle  between  the  propeller 
and  reaction  depending  on  the  speed  and  altitude  of  flight. 

20.3.1.  Determination  of  WorK  of  the  Turbine  of  the 
Turboprop  Engine  with  Complete  Expansion 

Let  us  find  the  work  of  the  turbine  of  the  turboprop  engine 
with  complete  expansion  of  the  gas  (Fig.  20.4). 

Let  us  assume  that  parameters  of  the  gas  at  the  entrance  into 
the  turbine  pj  and  rj,  external  counterpressure  p^  =  pH  and  velocity 
of  gas  at  the  exit  from  the  turbine  a 4  are  assigned. 
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Pig.  20.^.  Determination  of 
work  of  the  turbine  with  com¬ 
plete  expansion. 


Let  us  find  the  adiabatic  work  of  expansion  of  gas  in  the 
turbine  up  to  the  external  counterpressure 


L 


al.T 


(20.29) 


Then  the  adiabati .  work  of  the  turbine,  expressed  in  terms  of 
parameters  of  braked  flew  will  be  determined  as 


/•  —i  _li 


(20.30) 


Let  us  determine  now  the  effective  work  of  the  turbine  according 
to  formula 


Lr=L\,  A- 


Then  finally 

(20.31) 

where 

•  • 

_  p*  _ p* 

Pi  p» 

By  knowing  the  work  of  the  turbine  (with  complete  expansion  of 
the  gas),  and  also  the  work  of  the  compressor,  it  is  easy  to  deter¬ 
mine  the  work  transferred  to  t..e  propeller  by  the  turboprop  engine. 


525 


CHAPTER  21 


EFFECT  OF  PARAMETERS  OF  THE  WORKING  PROCESS  ON  BASIC 
PARAMETERS  OF  THE  TURBOPROP  ENGINE 


21.1.  Optimum  Distribution  of  Work  of  the  Cycle  of  the 
Turboprop  Engine  Between  the  Propeller  and  Reaction 


We  already  noted  in  Chapter  20  that  In  the  turboprop  engine  the 
work  of  the  cycle  Is  expended  for  driving  the  propeller  and  for  the 
increase  in  kinetic  energy  of  the  gas . 


Let  us  introduce  the  concept  of  the  degree  of  energy  exchange 
in  the  turboprop  engine 


x— 


^T.| 

L,  * 


(21.1) 


Let  us  now  transform  the  expression  for  specific  thrust  of  the 
turboprop  engine: 


p  _ i  f>  ~*  W 

"  V  +  g  ’ 

Having  expressed  the  work  of  the  propeller  and  velocity  of  outflow 
from  the  nozzle  In  terms  of  parameter  *,  i.e., 

l.,—XTIptlLt 

and 

?.=K2/j(1  ~x)L,+V< 


Then  we  obtain 
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<?].?> 


~[vm=HfC^vr-v\ 

With  an  increase  In  the  dogree  of  energy  exchango  the  throat 
of  the  propeller  Increases  and  the  reactive  thrust  of  the  turboprop 
engine  is  decreased. 

The  value  of  the  degree  of  energy  exchange  x  at  which  the  total 
specific  and  also  complete  thrusts  of  the  turboprop  engine  roach  a 
maximum  value  Is  called  the  optlmun  value. 

To  determine  *opt»  let  us  investigate  the  function  Pyfl  »  f(x) 
for  a  maximum. 

We  have 


4*  ""  V 


-0, 


whence  after  simple  conversions  we  find 


(a-3) 

Prom  expression  (21.3)  it  follows  that  the  more  the  optimum 
portion  of  the  work  of  the  cycle  transferred  to  the  propeller,  the 
more  the  work  of  the  cycle,  the  more  the  reduced  efficiency  of  the 
propeller  (nj  ■  and  the  les*  flight  speed. 

Let  us  find  value  xQpt  with  operation  of  the  turboprop  engine 
on  a  test  stand. 


According  to  expression  (20.14)  when  V  »  0,  let  us  replace  In 
equation  (21.3) 

V  __  75 

n.V*  > 
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Then  let  us  find 


C>1.  i O 


•t, 


•H 


i-ray-i 

\  >  /  Sf*, 


Since  for  values  7*  ■  ]  100-1 300°K  and  the  optimum  values  of  the 
compression  ratio  ^  ■  15,000-25, 000  kgf»m/kg  (Fig.  21.1),  th'*n, 
respectively,  xQpl  ■  0.98-0.99. 


Fig.  21.1.  Effect  of  T*  and 
"opt  on  work  of  the  cycl" 
of  the  turboprop  engine. 


Thus,  to  get  the  maximum  of  thrust  on  the  test  stand  one  should 
use  only  1-2JC  of  the  work  of  the  cycle  for  the  Increase  in  kinetic 
energy  of  the  flow,  and  98—99%  of  the  work  must  be  transferred  to 
the  propeller. 


Let  us  now  find  the  optimum  velocity  of  expiration  of  the  gas 
from  the  exhaust  unit  of  the  turboproo  engine. 

Using  expression  (21.3),  let  us  write  down  the  equality: 

Vi  c\  -  Vi 


I 


J  L,  L.  ' 


whence  we  find 
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0(*H) 


(21.5) 


V 

•U’Wi' 

From  expression  (21.5)  It  follows  that  with  an  Increase  In  the 
flight  speed  and  with  a  lowering  of  the  efficiency  of  the  propeller, 
the  velocity  of  expiration  from  the  nozzle  of  turboprop  engine  must 
be  increased. 

Formula  (21.5)  was  derived  In  1944  by  Academician  D.  S.  Stechkln. 

Let  us  find  for  test  stand  conditions  (V  ■  0) ,  having 

substituted 

v  atn 

Then  we  obtain 

<■•1141 -j«70  m/s.  (21.6) 

It  Is  obvious  that  to  ensure  such  low  velocities  of  gas  outflow 
from  the  exhaust  nozzle  of  the  turboprop  engine,  a  diffuser  with 
great  expansion  unit  must  be  Installed  behind  the  turbine.  If  we 
consider  that  the  minimum  velocity  of  the  outflow  of  gas  from  the 
turbine  (from  considerations  of  the  limitation  of  Its  overall 
dimension)  must  be  not  less  than  o ^  ■  200  m/s,  then  this  denotes 
that  when  y  ■  const  the  area  of  the  exit  section  of  the  diffuser 
must  exceed  the  Inlet  section  by  approximately  three  times.  The 
latter  can  considerably  Increase  the  dimensions  of  the  turboprop 
engine  and,  furthermore,  make  the  distribution  of  thrust  In  flight 
worse  (the  Jet  thrust  will  become  negative,  because  og  <  V) .  Adjust¬ 
able  exhaust  devices  of  the  turboprop  engine  have  not  as  Jet  become 
widespread. 

The  optimum  correlation  (21.5)  for  the  velocity  of  gas  expira¬ 
tion  from  the  nozzle  of  the  turboprop  engine  can  be  obtained 
directly,  using  conditions  (18.9)  for  the  optimum  distribution  of 
energy  in  the  ducted- fan  Jet  engine: 
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In  reference  to  the  turboprop  engine,  the  efficiency  of  t, h** 
second  circuit  in  the  efficiency  of  the  propeller,  l.e., 

The  velocity  of  expiration  behind  the  propeller  at  high  bypuss 
ratio  is  little  distinguished  from  the  flight  speed,  l.e., 

c»*V. 

After  substitution  in  expression  (18.9)  of  values  and  n ^  ^  * 
we  obtain  the  sought  expression: 

tVi 


21.1.1.  Comparison  of  Thrust  of  the  Turboprop  Engine 
and  TRD  on  a  Test  Stand 

Let  us  now  find  the  magnitude  of  specific  thrust  of  the  turbo¬ 
prop  engine  on  the  test  stand.  For  this  into  expression  (21.2)  we 
substitute 

V  75 

- a-, 

*h*V*I  r 


Then 


Pf*  (0)  —  Ij'  XlH  -j-  —  -  •<)  A,  . 


(21.7) 


With  work  of  cycle  Lg  identical  with  the  turboprop  engine,  the 
specific  thrust  of  the  TRD  on  a  test  stand  is  equal  to 


P jr.i  (TPJ1),  =*~-  VWv 


(21.8) 
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Then  the  relative  specific  and  total  thrusts  of  the  turboprop 
engine  can  be  determined  as 

(21.9) 

ISO 


When  x  ■  1  we  find 


rt  i»> 


when  x  -  xopt  we  find 


Figure  21.2a  gives  the  dependence  of  relative  thrust  of  the 
turboprop  engine  and  also  velocities  of  outflow  of  gas  from  the 
exhaust  nozzle  on  the  degree  of  energy  exchange  x  when  V  -  0. 


Fig.  21.2.  Dependence  of  relative 
thrust  of  the  turboprop  engine  and 
velocity  of  gas  outflow  on  the  degree  of 
energy  exchange:  a)  on  a  test  stand; 
b)  in  flight. 


We  see  that  when  x  -  xQpt  =  1.0  the  bench  thrust  of  the  turbo¬ 
prop  engine  with  the  same  generator  of  gas  exceeds  the  draught  of 


*)  Assuming  that  the  flow  gas  through  the  turbocompressor 
is  identical  for  the  turboprop  engine  and  TRD. 
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thu  TRD  by  more  than  4.5  times.  An  Increase  in  the  velocity  uf 
outflow  from  the  exhaust  unit  of  the  turboprop  engine  from  70  to 
250  m/n  lowers  the  relative  thrust  of  the  turboprop  engine  from  h . - 
to  »».  3,  1 .0.  ,  75. 

•71.1.2.  Comparison  of  Thrust  of  the  Turboprop 
Engine  and  TRD  In  Flight 

Figure  21,2b  gives  the*  dependence  of  relative  thrust  of  tn*. 
turboprop  engine  and  also  velocities  of  gas  outflow  from  the  exhaust 
nozzle  on  the  degree  of  energy  exchange  in  flight  when  '/  »  ICO  m/s . 

Dependences  given  in  Fig.  21.2a  and  Fig.  21.2b  are  identical; 
however  in  flight  the  change  In  the  velocity  of  gas  outflow  from  the 
nozzle  from  200  to  350  m/s  (which  corresponds  to  a  change  in  x  from 
1.0  to  0.8)  practically  has  no  effect  (to  within  It)  on  the  magnitude 
of  relative  thrust  equal  to  *  1.70. 

Thus,  in  flight  the  deviation  in  magnitude  of  the  degree  of 
energy  exchange  from  Its  optimum  value  leads  to  a  less  drop  in  thrust 
of  the  turboprop  engine  than  that  on  a  test  stand. 

21.1.3.  Effect  of  Flight  Velocity  on  *opt 

With  an  increase  in  the  flight  velocity  magnitude  *opt  is 
lowered  (Fig.  21.3),  i.e.,  the  transferring  of  even  less  work  of  the 
cycle  to  the  propeller  becomes  expedient. 

Let  us  find  the  flight  speed  at  which  the  whole  work  of  the 
cycle  should  be  used  to  get  Jet  thrust.  It  is  obvious  that  at  this 
flight  sreed  the  turboprop  engine  "degenerates"  in  a  TRD. 

Let  us  substitute  into  the  expression  for  the  optimum  degree  of 
energy  exchange  (21.3)  value  xQpt  *  0;  then  we  find 


(21.10) 
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Fig.  21.3.  Change  in  efficiency 
of  the  propeller  and  optimum 
degree  of  energy  exchange  with 
respect  to  the  MQ  number  of 

flight . 


In  this  formula  nBjnln  is  the  minimum  value  of  the  efficiency  of 
the  propeller,  which  provides  the  equality  of  thrusts  of  the  turbo¬ 
prop  engine  and  TRD.  When  nB  <  nBmln,  PTBA  <  PTPA. 


Figure  21.3  shows  the  change  in  efficiency  of  one  of  the  con¬ 
temporary  propellers  with  respect  to  flight  speed.  Lines  of  minimum 
permissible  nBmin  are  plotted  there.  Points  of  intersection  of  the 
real  curve  n_  with  lines  of  minimum  n,  calculated  by  formula  (21.10), 
determine  the  limit  of  the  expedient  use  of  the  turboprop  engine 
with  respect  to  thrust  and  economy.  As  we  see,  this  limit  lies 
within  limits  of  subsonic  flight  speeds  (MQ  max  *  0.9). 
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21.2.  Effect  of  basic  Parameters  of  the  Working  Procorr; 
on  ?lr>cclf*lc  Parameters,  Efficiency  anJ  Effective 
Fuel  Ponnumptlon  of  the  Turboprop  ^ngfne 


21.2.1.  Specific  Work  Transmitted  to  the  Propeller, 
Sped  fie  Power  and  Specific  Thrust 
of  the  Propeller 


We  will  examine  how  in  the  ca3®  of  the  TRD  how  the  air  cycle 
p  «  const  with  the  working  medium  r  n  fixed  chemical  composition 
( Hr  m  ho  •  R)  and  fixed  specific  heat  (opr  -  a^Q  »  <?p;  fer  «  fcQ  =  fc); 
the  effective  work  of  thi3  cycle  is  determined  by  expression 


The  connection  of  parameters  Lq,  pB(yA)» 

form 


Naf  .  and  L  has  the 
B(yfl)  e 


Lt  ~~  75Nm  |y,|  —  P»  (yij  — •  *= 
*)• 


where  for  V  *  0 


*optT)i>tj|  **  1,0. 


Tnus,  the  specific  work  transferred  to  the  propeller,  specific 
power  of  the  turboprop  engine  and  specific  thrust  of  the  propeller 
are  functions  of  parameters  ir,  T*t  Tn,  r  and  n„  and  change  similar 

«5  U  p  C 

to  the  effective  work  of  the  cycle  L  . 

e 

To  increase  the  specific  power  of  the  turboprop  engine,  it  is 
profitable  in  every  way  possible  to  increase  the  gas  temperature 
in  front  of  the  turbine;  it  is  expedient  to  produce  an  increase  in 
total  compression  ratio  only  up  to  its  optimum  value. 

On  the  average  for  H  =  0 ,  T*3  -  1100-1300°K  and  ir  =  it  t  we 
find  =  210-230  hp  (kg/s). 
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Figures  21.4  and  21.5  show,  respectively,  the  comparative  effect 
of  ir  and  fj  on  specific  power  of  the  turboprop  engine  and  on  ajteciflc 
thrust  of  the  TRD. 


Fig.  21.4.  Effect  of  compression 
ratio  on  specific  parameters  and 
efficiency  of  the  turboprop  engine 
and  TRD. 


Fig.  21.5.  Effect  of  gas  tempera¬ 
ture  in  front  of  the  turbine  on 
specific  parameters  and  efficiency 
of  the  turboprop  engine  and  TRD. 


Attention  la  paid  to  the  fuct  that  the  specific  power  of  the 
turboprop  engine  to  a  great  degree  depends  on  the  maximum  temperature 
of  the  gas  71*  than  does  the  specific  thrust  of  the  TRD.  Whereas  the 
specific  power  of  the  turboprop  engine  In  directly  proportional  to 
the  gas  temperature  In  front  of  the  turbine,  the  specific  thrust  of 
the  TRD  Is  proportional  to  the  square  root  of  this  temperature. 

Thus,  an  Increase  In  from  1100°K  to  1250°K  (i.e.,  9%)  Increases 
the  specific  power  of  the  turboprop  engine  by  9 %  and  specific  thrust 
of  TRD  by  only  4.5*.  Therefore,  an  increase  in  T*  is  a  very  effec¬ 
tive  means  of  Increasing  the  specific  power  of  the  turboprop  engine. 

Optimum  values  of  it,  obtained  from  the  condition  of  providing 
maximum  specific  powers  and  thrusts  for  the  turboprop  engine  and 
TRD,  coincide. 


21.2.2.  Efficiencies  of  the  Turboprop  Engine 

21.2.2.1.  Effective  Efficiency. 

The  effective  efficiency  of  the  turboprop  engine  and  TRD  Is 
Identical.  They  are  determined  by  the  same  regularities  (20.24). 

21.2.2.2.  Thrust  Efficiency. 

For  the  considered  typical  case  x  »  1.0  we  have  nD  =  nn. 

The  efficiency  of  the  propeller  does  not  depend  on  the  thermo¬ 
dynamic  cycle,  which  is  accomplished  in  the  basic  circuit  of  the 
turboprop  engine,  but  only  on  the  number  of  revolutions,  angle  of 
setting  of  blades  of  the  propeller  speed  and  altitude  of  flight. 

Figure  21.3  gives  a  change  in  on  flight  speed  (MQ).  In  the 

range  of  flight  speeds  of  300-700  km/h  it  is  possible  to  assume 
that  n  *  const.  On  the  average  n  ■  0.8-0.85. 

B  B 
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21.2.2.3.  Total  Efficiency. 


Prom  expression 


It  follows  that  the  total  efficiency  depends  on  T*.  TV,  .t,  ?„r.  n».  hi*  «1« 
and  V. 

With  an  Increase  in  the  total  efficiency  of  the  turboprop 
engine  continuously  increases,  in  contrast  to  the  total  efficiency 
of  TRDt  which  with  values  used  at  present  of  the  degree  of  Increase 
in  pressure  *!o  ’ 6  -13  is  decreased  with  an  increase  in  T*.  The 
latter  is  explained  by  the  fact  that  with  an  Increase  in  T*  the 
thrust  efficiency  of  the  TRD  is  continuously  decreased  (losses  with 
exhaust  velocity  increase),  whereas  the  efficiency  of  the  propeller 
at  the  assigned  flight  speed  maintains  a  fixed  value. 

The  dependence  of  nQ  on  flight  speed  to  a  certain  extent  Is 
determined  by  the  characteristic  of  the  propeller.  In  the  case  of 
a  standard  propeller  already  at  great  subsonic  flight  speeds,  a 
decrease  in  its  efficiency  (Induced  by  the  appearance  of  wave  losses) 
and  d in  total  efficiency  appeal'. 

In  the  case  when  the  efficiency  of  the  propeller  preserves  a 
fixed  value  (nB  ■  const),  the  most  advantageous  values  it,  at  which 
the  effective  and  total  efficiency  reach  a  maximum,  coincide,  l.e., 

*  “  "an* 

Figures  21.  and  21.5  give  curves  ne,  nB,and  nQ  of  the  turbo¬ 
prop  engine  in  the  form  of  functions  of  it  and  T*.  The  effect  of  the 
same  parameters  (*  and  fj)  on  the  efficiency  of  the  TRD  is  shown 
there. 


21.2.3.  Effective  Fuel  Consumption 
Let  us  reduce  expression  (20.19)  to  the  form 
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c#=.a m~— 

^'•1*41 


Ke _ 

hp  h  *  ' 


(  ?  1 . 1 .1  ) 


Substituting 


and 


n-gL  /. 

7.'*  7j 


wo  obtain 

C,~ -Js-  -J~.  (21.12) 

Thus,  the  effective  fuel  consumption  is  inversely  proportional 
to  the  effective  efficiency.  With  an  increase  in  n  to  a  certain 
value  it*,  magnitude  Cg  is  lowered,  reaching  a  minimum,  and  with 
further  increase  in  the  compression  ratio  increases  (see  Fig.  21.4). 
With  an  increase  in  T£  the  effective  fuel  consumption  is  continu¬ 
ously  decreased  (see  Fig.  21.5).  Thus,  for  the  lowering  of  C  in 
the  turboprop  engine  it  is  expedient  to  use  high-temperature  turbines 
with  relatively  high  compression  ratios  of  the  compressor. 

In  contemporary  turboprop  engines  on  takeoff  the  effective  fuel 
consumption  changes  over  wide  limits: 

210+300  g/hp  h. 

21.3.  Use  of  Heat  Recovery  in  the  Turboprop  Engine 

Among  various  methods  of  increasing  the  economy  of  the  turboprop 
engine,  the  recovery  of  heat  occupies  an  important  place.  Heat 
regeneration  in  the  turboprop  engine  was  used  for  the  first  time  in 
19^6  on  the  English  engine  Bristol  ’’Theseus."  However,  deficiencies 
of  this  engine  (heavy  weight  of  the  regenerator,1  considerable  losses 

><?  •  227  kg. 
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of  pressure  in  the  heat  exchanger)  led  to  the  fact  that  it  was  taken 
out  of  production  and  did  not  obtain  development.  Nevertheless, 
investigations  on  the  use  of  heat  recovery  in  aircraft  engines  were 
continued.  In  recent  years  considerable  experience  has  been  accumu¬ 
lated  in  the  creation  of  effective  aircraft  heat  exchangers.  A  heat 
regenerator  was  successfully  installed  on  the  turboprop  engine 
Allison  T56-A-7.  Finally,  asspecial  turboprop  engine  Allison  T78 
with  a  regenerator  was  developed,  built  and  successfully  tested.  In 
turn  the  introduction  of  the  turboprop  engine  with  a  regenerator 
was  put  into  operation. 

The  basic  difficulties,  the  overcoming  of  which  is  necessary 
for  the  introduction  of  heat  recovery  into  the  turboprop  engine,  are: 

1)  considerable  hydraulic  losses  on  cold  and  hot  sides  of  the 
heat  exchanger,  which  lower  the  effective  power  of  the  engine; 

2)  high  thermal  resistance  of  the  heat  exchanger  (imperfection 
of  heat  exchange  in  the  applied  designs  of  the  regenerator),  which 
prevents  preheating  of  the  air  up  to  the  temperature  of  hot  exhaust 
gases  and  lowers  the  economy  of  the  turboprop  engine  with  the  regen- 


3)  considerable  relative  weight  and  external  diameter  of  the 
regenerator; 

4)  low  operational  reliability  cf  the  heat  exchanger  (low 
service  life  of  the  heat  exchanger,  frequent  carbon  formations  and 
cokings  of  tubes  of  the  matrix  of  the  regenerator). 

21.3.1.  Design  of  a  Turboprop  Engine  with 
a  Heat  Regenerator 

Figure  21.6  gives  a  fundamental  diagram  of  turboprop  engine 
with  a  heat  regenerator  and  Fig.  21.7  -  cross  section  of  the  turbo¬ 
prop  engine  Allison  T56-A-7. 


539 


As  a  result  of  the  Investigation  of  more  than  5000  patents  of 
designs  of  heat  exchangers,  the  Allison  firm  has  arrived  at  definite 
conclusions  relative  to  the  optimum  design  of  the  installation  and 
type  of  regenerator  used,  design  of  the  heat  exchanger,  and  also  the 
method  of  its  control.  These  considerations  lie  as  a  basis  of  the 
design  of  the  turboprop  engine  Allison  T56-A-7  and  then  the  turboprop 
engine  Allison  T78, 

The  heat  exchanger  with  cross  flow  is  installed  in  the  turbine 
space  of  the  engine  concentrically  relative  to  the  shaft  of  rotation 
and  provides  a  direct-flow  axial  exit  for  the  hot  gases  from  the 
turbine  through  the  tubular  lattice  of  regenerator  into  the  exhaust 
nozzle  (see  Pig.  21.6). 

The  accepted  system  of  control  allows  changing  the  power  of  the 
turboprop  engine  at  fixed  gas  temperature  T*  and  variable  number  of 
revolutions  of  the  engine.  This  makes  it  possible  to  increase  the 
economy  of  operation  of  the  engine  at  reduced  regimes  with  the 
regenerator  turned  on  (cruising  flight  regime).  In  those  same  cases 
when  maximum  power  from  engine  is  necessary  (for  example,  on  takeoff), 
a  special  six-segment  valve  turns  off  the  heat  exchanger  and  provides 
•ip'o-edi  a4-*  outflow  of  the  largest  gas  mass  from  the  turbine  to  the 
outside. 

To  provide  reliable  operation  of  the  turbine  at  high  gas 
temperature,  the  blades  of  the  first  two  stages  of  the  turbine  are 
made  hollow  with  internal  air  cooling. 

The  heat  exchanger  (Pig.  21.8)  consists  of  15,000  tubes  made 
from  stainless  steel.  The  optimum  dimensions  of  the  tubes  are  a 
diameter  of  7.62  mm,  thickness  of  wall,  0.105  mm,  and  length,  685  mm. 
The  achieved  degree  of  regeneration  r  ■  0.69  is  very  high,  and  an 
additional  total  drop  in  total  pressure  on  the  cold  and  hot  sides 
of  the  heat  exchanger  is  comparatively  little  and  amounts  to  8.96% 

(as  compared  to  10.32%  of ‘ calculated) . 1 


*Ap*  ■  2.88%  and  A p*  ■  6.C-"'. 


i 

I 


i 
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Pig.  21.8.  Regenerator  of  the 
turboprop  engine  Allison 
T56-A-7. 


One  should  emphasize  that  the  use  of  the  regenerator  gives  the 
greatest  effect  at  reduced  cruising  regimes  at  small  values  of  tt* 
and  maximum  possible  gas  temperature  T*.  In  the  turboprop  engine 
Allison  T56-A-7  in  these  regimes  the  relative  economy  in  the  effec¬ 
tive  fuel  consumption  is  almost  36?  (Fig.  21.9) 


Fig.  21.9.  Effect  of  heat 
recovery  on  the  effective 
fuel  consumption  of  the 
turboprop  engine  in  reduced 
regimes . 


21.3.2.  Real  Cycle  of  the  Turboprop  Engine  with 
Heat  Recovery 

Figure  21.10  gives  the  real  cycle  of  the  turboprop  engine  with 
heat  recovery.  It  is  distinguished  from  the  ideal  cycle  in  that 
processes  of  heat  exchange  2-2p  and  4-4 p  are  accompanied  by  a  con¬ 
siderable  drop  in  total  pressure  (due  to  inevitable  hydraulic  and 
thermal  losses).  Especially  considerable  is  the  drop  in  pressure 
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Fig.  21.10.  Real  cycle  of  the 
turboprop  engine  with  heat 
recovery . 


on  the  hot  side  of  the  heat  exchanger,  where  changes  in  pressures  Ap’ 
and  Ap*  coincide  in  sign.  In  better  types  of  regenerators  A p\  =5—7,5%. 

Another  distinction  of  the  real  cycle  from  the  ideal  is  the 
impossibility  of  preheating  of  the  air  in  the  heat  exchanger  up  to 
the  temperature  of  the  entering  gas,  i.e., 


Thus,  the  degree  of  regeneration  of  the  heat  exchanger,  which 
characterizes  the  perfection  of  the  heat  exchange  and  is  equal  to 


ili 

*rr 


(21.13) 


is  always  considerably  less  than  unity. 


In  stationary  regenerators  r  ■  0.7-0.75;  in  revolving  regener 
ators  r  *  0.9-0.92. 


Figure  21.11  gives  curves  showing  the  effect  of  the  degree  of 
throttling  with  respect  to  power  N  ar.d  temperature  T*  on  the  effec¬ 
tive  efficiency  of  real  cycles  of  the  turboprop  engine  in  the 
presence  of  heat  recovery  and  with  its  absence.  Attention  is  given 
to  the  very  sloping  characteristics  of  the  real  cycle  in  regimes  of 
partial  loads  (i.e.,  in  cases  of  throttling  of  the  engine  with 
respect  to  power  when  T£  ■  const). 
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Fig.  21.11.  Effect  of  the  degree 
ol'  throttling  with  respect  to 
power  N  and  T*  on  the  turboprop 

engine  in  the  presence  of  heat 
recovery  and  with  its  absence: 
a)  without  heat  recovery;  b) 
with  heat  recovery. 


21.3.3.  Effect  of  Heat  Recovery  on  Specific  Parameters 
of  the  Turboprop  Engine 


21.3.3.1.  Relative  Fuel  Consumption. 

We  have 


Mti/i) 


( 2 1  . 1  ‘0 


Let  us  express  T *  in  terms  of  the  degree  of  recovery 


r-- 


whence  we  obtain 


where 


T* 

'  ?l» 


-Tj+ror;  n 


L, 

118  ’ 


(21. lb) 


(21.16) 


Having 
(21.14),  we 


substituted  the  expression  for  T * 

2p 


obtain  after  simple  conversions 


from  (21.16) 


into 
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(21.17) 


21.3.3.2.  Specific  Effective  Power 
of  the  Turboprop  Engine. 


We  have 


(21.18) 


Let  us  determine  the  work  of  the  turbine  In  the  presence  of 
heat  recovery  taking  Into  account  additional  losses  of  total  gas 
pressure  on  cold  and  hot  sides  of  the  heat  exchanger  0*,  i.e., 


(21.19) 


21.3.3.3.  Effective  Fuel 
Consumption. 


We  have 


A’#y«cr> 


(21.20) 


Having  substituted  into  expression  (21.20)  the  value  «T(p) 
from  (21.17)  and  ^tfyfl(p)  fro*11  (21.18),  we  obtain 


370(«v^['(r,-r,,(i-r)+rr;|i njj  ’ 

_  j  :  -  . 

"•H'-wr-JH 


(21.21) 


CHAPTER  22 

OPERATIONAL  CHARACTERISTICS  OP  THE  TURBOPROP  ENGINE 

22.1.  Throttle  Characteristics  of  the 
Turboprop  Engine 

Throttle  characteristics  of  the  turboprop  engine  are  called 
dependences  of  the  propeller  (effective)  power,  effective  fuel  con¬ 
sumption,  and  also  Jet  thrust  from  the  change  in  feed  of  fuel  with 
throttling  of  the  engine  and  at  the  assigned  prorram  of  its  control. 
Since  the  change  in  fuel  feed  is  usually  connected  with  the  change 
in  the  number  of  revolutions  of  the  engine,  then  throttle  charac¬ 
teristics  are  depicted  in  the  form  of  curves  of  the  dependence  of 
basic  parameters  of  the  turboprop  engine  -  N  ,  C  and  R  -  on  the 
number  of  revolutions  of  the  shaft  of  the  engine.  In  the  case  of  a 
double-shaft  turboprop  engine  the  throttle  characteristics  are 
depicted  as  functions  of  the  revolution  number  of  the  turbocoinpressor 
of  the  shaft  (or  cascade  of  high  pressure).  In  those  cases  when 
throttle  characteristics  and,  consequently,  and  basic  regimes  of 
operation  of  the  engine,  are  obtainec.  with  a  fixed  number  of  its 
revolutions,  they  are  depicted  in  the  form  of  dependences  of  basic 
parameters  on  the  fuel  consumption  per  hour: 

A^.=/,(c7r);  C,=*/a(<7T) ;  /?-&(£»)• 

Plotted  on  throttle  characteristics  of  the  turboprop  engine  are 
also  the  curve  of  temperature  change  in  gas  in  front  of  the  turbine 
or  behind  it.  This  curve  makes  it  possible  to  Judge  the  thermal 
condition  of  the  hot  part  of  the  engine  with  its  operation. 
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Throttle  characteristics  of  the  turboprop  engine  are  obtained 
usually  by  experimental  means  on  a  test  stand.  They  can  be  obtained 
with  a  high  degree  of  accuracy  also  by  analytical  means. 

22.1.1.  Throttle  Characteristics  Single-Shaft 
Turboprop  Engines 


Let  us  examine  the  throttle  characteristic  of  a  single-shaft 
turboprop  engine  Armstrong-Siddeley  "Mamba"  (Pig.  22.1).  Let  us 
assume  that  In  the  nominal  (or  takeoff)  regime  in  the  turbine  of  the 
turboprop  engine  complete  expansion  of  the  gas  takes  place,  i.e., 


P  m Ph-Pn • 


Such  a  case  of  the  operation  of  the  turbine  of  a  turboprop  engine  is 
typical . 


Pig.  22.1.  Throttle  character¬ 
istic  of  the  turboprop  engine 
Armstrong-Siddeley  "Mamba." 


With  a  decrease  in  the  fuel  feed  into  the  combustion  chamber, 
the  temperature  of  the  gas  in  front  of  the  turbine  is  lowered. 
Consequently,  the  power  of  the  turbine  drops,  in  consequence  of 
which  the  balance  of  power  is  disrupted: 

Nr<{NK+N,h 

as  a  result  of  this  the  number  of  revolutions  of  the  engine  decreases. 
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With  a  decrease  in  the  number  of  revolutions  of  the  engine  at 
a  fixed  angle  of  setting  of  blades  of  the  propeller,  the  propeller 
and  equivalent  power  of  the  turboprop  engine  drop,  the  Jet  thrust 
of  turboprop  engine  also  decreases,  and  the  effective  fuel  consump¬ 
tion  continuously  increases.  The  gas  temperature  in  front  of  the 
turbine  (and  behind  it),  having  a  high  initial  value  in  the  takeoff 
regime,  with  a  reduction  in  the  revolution  number  initially  drops, 
reaching  a  certain  minimum  value  at  average  revolutions,  but  then 
it  continuously  increases. 

For  an  explanation  of  the  regularity  of  passage  of  basic 
parameters  of  the  turboprop  engine  with  respect  to  the  number  of 
revolutions,  let  us  examine  preliminarily  how  the  temperature  and 
pressure  of  the  gas  change  in  characteristic  sections  of  the  engine 
with  its  throttling. 

22.1.1.1.  Change  in  Temperature  and 
Pressure  of  the  Gar  in  Characteristic 
Sections  of  the  Gas-Air  Channel  of 
the  Turboprop  Engine. 

Figure  22.2  shows  the  change  in  compression  ratio  of  the  com¬ 
pressor  and  of  expansion  ratio  of  the  turbine  of  the  single-shaft 
turboprop  engine  with  respect  to  the  number  of  revolutions.  Since 
the  velocity  of  outflow  of  gas  from  the  exhaust  nozzle  of  the  turbo¬ 
prop  engine  is  low  (it  is  somewhat  less  than  the  absolute  velocity 
at  the  exit  from  the  turbine),  then  the  magnitude  tt*  is  little 
distinguished  from  it*,  and  with  throttling  of  the  turboprop  engine 

H 

it  continuously  drops. 


Fig,  22.2.  Change  in  tt*,  tt*  and 

K  T 

it  of  a  single-shaft  turboprop 

B  i  C 

engine  with  respect  to  the  number 
of  revolutions. 
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The  lowering  of  the  drop  In  pressures  In  the  turbine  with 
throttling  of  the  engine  covers  Initially  the  last  stages  of  the 
turbine  adjacent  to  the  exhaust  and  then  gradually  extends  upstream 
on  the  stage  of  high  pressure. 

The  continuous  lowering  of  magnitude  v*  with  throttling  of  the 
engine  leads  to  the  fact  that  the  temperature  of  the  gas  in  front 
of  the  turbine  of  the  turboprop  engine  in  the  whole  range  of  working 
numbers  of  revolutions  proves  to  be  significantly  higher  than  that 
of  TRD  at  equal  values  of  and  Tj(pj  in  the  initial  nominal 

(or  takeoff)  regime  (Pig.  22.3). 


M 


Fig.  22.3.  Change  in  T *  with 

respect  to  the  number  of  revolu¬ 
tions  for  a  single-shaft  turbo¬ 
prop  engine  and  TRD. 


Actually,  solving  the  equation  of  balance  of  works  of  the  turbo¬ 
compressor 


•M* 


relative  to  7*  we  obtain 


Cffi 

1  \  ’ 

III  [1 

where  C  ■  const.  Hence  it  follows  that  a  continuous  lowering  of 
tt •  with  throttling  of  the  engine  shifts  the  dependence  T *  -  fin) 
for  the  turboprop  engine,  as  compared  to  the  case  ■  const  of  the 
TRD,  into  the  region  of  raised  values  of  gas  temperature.  Here  we 
assumed  that  the  specific  work  of  the  propeller.  Just  as  the  work  of 
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the  compressor,  changes  approximately  in  proportion  to  the  square 
of  the  number  of  revolutions. 

’22.1.1.2.  Change  in  Propeller 
Power  with  Respect  to  the  dumber 
of  Revolutions . 

Numerous  tests  of  turboprop  engines  show  that  the  law  of  the 
change  in  propeller  power  of  the  turboprop  engine  with  respect  to 
the  number  of  revolutions  depends  on  the  angle  of  setting  of  blades 
of  the  propeller  . 

When  <P  =  const  the  dependence  of  the  propeller  power  on  the 
number  of  revolutions  is  depicted  quite  accurately  by  a  cubic 
parabola 

(22.1) 

where 

With  an  increase  in  the  angle  of  setting  of  the  blades,  i.e., 
with  "loading"  of  the  propeller  and  with  a  fixed  revolution  number, 
the  propeller  power  increases;  with  a  decrease  in  the  angle  $,  i.e., 
with  a  "lightening"  of  the  propeller,  the  propeller  power  is  lowered. 
Thus,  different  values  of  angle  $  (5,  10,  15,  20,  25°)  correspond 
to  different  cubic  parabolas  N  ,  passing  through  the  origin  of  the 

o 

coordinates  (Fig.  22.4). 


Fig.  22.4.  Effect  of  the  angle  of 

setting  of  the  blade  of  the 

propeller  $  on  curves  N  =  f(n). 

0 
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Let  us  now  explain  how  with  the  change  in  angle  <J>  the  available 
power  of  the  turbine  of  the  turboprop  engine  changes.  Let  us  assume 
that  at  a  constant  number  of  revoltuions  of  the  engine  the  pilot 
"loads"  the  propeller  (increasing  angle  41).  Then  the  balance  of 
power  is  disrupted,  i.e., 


N,<(N„+Nu), 


and  the  number  of  revolutions  of  the  turboprop  engine  must  be 
decreased.  However,  the  regulator  of  revolutions,  striving  to 
preserve  n  •  const,  will  restore  the  disturbed  equilibrium  by  means 
of  increasing  the  fuel  feed  into  the  combustion  chamber  (centrifugal 
small  weights  of  the  regularot  with  a  lowering  of  the  angular  velocity 
of  rotation  will  move  the  throttling  needle  into  the  position  corre¬ 
sponding  to  the  increase  in  G  ).  As  a  result  the  gas  temperature 
in  front  of  the  turbine  increases,  and  the  power  of  the  turbine  will 
increase  in  accordance  with  an  increase  in  the  power  of  the  propeller. 

Thus,  the  family  of  curves  N  (for  different  values  of  <f>)  will 
correspond  to  the  family  of  curves  Tt  and  family  of  curves  C  (Pig. 
22.5).  The  more  $,  the  higher  the  temperature  of  the  gas  in  front 
.  f  the  turbine  T *  and  the  lower  the  effective  fuel  consumption  C . 
Actually,  when  «  ■  const  the  "loading"  of  the  propeller  leads  to  an 
increase  in  T*  and  irj},  which  Increases  the  effective  efficiency  of 
the  engine  (see  Figs.  21.4  and  21.5)  and  lowers  the  effective  fuel 
consumption.  The  latter  follows  directly  from  formula  (21.12): 

r  — 

'  "u'U  ‘ 


Thus,  each  value  $  ■  const  corresponds  to  definite  passage  of 
the  line  of  working  processes  on  the  characteristic  of  the  compressor 
(see  further  Pig.  22.8).  With  an  increase  in  <f>  the  line  of  working 
regimes  is  displaced  nearer  to  the  surging  limit. 

Since  the  flow  of  air  changes  quite  accurately  with  respect  to 
the  linear  dependence  on  the  revolution  number,  i.e., 
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n, 

then,  in  accordance  with  expression  (20.3),  it  can  be  concluded  that 
when  $  =  const 

U~Lt~n\  (22.2) 

i.e.,  the  work  of  the  propeller  proves  to  be  proportional  to  the 
square  of  the  number  of  revolutions. 


Pig.  22.5.  Throttle  character¬ 
istics  of  the  turboprop  engine 
at  various  angles  of  setting 
of  blades  of  the  propeller. 


Reasons  which  lead  to  an  increase  in  L  =  L  with  an  increase 

b  e 

in  revolution  number  in  the  turboprop  engine  are  the  same  as  those 
for  the  TRD  —  the  basic  reason  is  the  increase  in  the  compression 
unit  of  the  compressor  with  a  relatively  little  changing  value  of  T*. 

t) 

22.1.1.3.  Change  in  C_  According 
to  the  Number  of  Revolutions. 

The  continuous  lowering  of  effective  fuel  consumption  with  an 
increase  in  the  revolution  number  of  the  single-shaft  turboprop 
engine  is  explained  mainly,  by  the  increase  in  it*.  This  is  furthered 

K 

in  the  region  of  high  numbers  of  revolutions  by  a  considerable 
increase  in  the  gas  temperature  T*.  Ultimately  n  increases.  Thus, 

«5  Q 
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the  regime  of  maximum  propeller  power  of  the  turboprop  engine  coin¬ 
cides  with  the  regime  of  its  greatest  economy;  any  throttling  of  the 
turboprop  engine  is  connected  with  the  worsening  of  the  economy  of 
the  engine.  In  this  respect  properties  of  the  throttle  character¬ 
istic  of  the  turboprop  engine  are  distinguished  from  properties  of 
the  characteristic  of  the  TRD,  with  the  throttling  of  which  the 
specific  fuel  consumption  is  initially  lowered. 


22.1.1.4.  Effect  of  the  Change  in 
Angle  of  Setting  of  Slades  of  the 
Propeller  on  Throttle  Characteristics 
of  a  Single-Shaft  Turboprop  Engine. 


Let  us  examine  now  how  the  propeller-pitch  control  affects  the 
throttle  characteristics  of  the  single-shaft  turboprop  engine 
(Fig.  22.6). 


Fig.  22.6.  Effect  of  the 
change  in  angle  $  on  throttle 
characteristics  of  a  single¬ 
shaft  turboprop  engine. 


Let  us  assume  that  curves  1  correspond  to  a  certain  constant 
angle  of  setting  of  the  propeller  0  ■  const.  With  a  "lightening" 
of  the  propeller  with  throttling  of  the  engine,  power  N  drops,  and 
the  effective  fuel  consumption  increases  more  sharply  (curves  2) 
than  when  0  ■  const.  Conversely,  with  the  "loading"  of  the  pro¬ 
peller  (curves  3),  corresponding  throttle  characteristics  occur 
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more  sloping.  Figure  22.6  shows  also  the  effect  of  control  of  the 
propeller  on  the  regularity  of  the  change  In  T *  on  the  number  of 
revolutions . 

In  analyzing  the  passage  of  curves  in  Fig.  22.6,  at  first  sight, 
it  appears  expedient  with  throttling  of  the  turboprop  engine  always 
to  "load"  the  propeller.  However,  this  is  not  exactly  correct.  For 
example,  with  starting  of  the  engine  a  very  important  property  of 
any  engine  is  its  ability  to  enter  into  the  regime  of  maximum  power 
rapidly.  For  an  improvement  of  accelerating  capacity  of  the  turbo¬ 
prop  engine  in-every  way,  it  is  necessary  that  the  exceeding  of  power 
of  the  turbine  (with  T*,  „  \ )  over  the  total  power  of  the  compressor 
and  propeller  (surplus  power  of  the  turbine)  would  be  as  much  as 
possible.  For  this  purpose  with  starting  it  is  necessary  for  the 
propeller  to  "lighten"  to  a  maximum,  having  set  it  at  an  angle  close 
to  the  angle  corresponding  to  zero  power.  Then 

A/\  t  ~  ('VT(max>  ,V„)  =  -Wilmai)- 

Figure  22.7b  gives  the  real  law  of  the  change  in  angle  $  in  the 
number  of  revolutions  of  the  turboprop  engine  Armstrong-Siddeley 
"Mamba";  we  see  that  the  acceleration  of  the  engine  over  the  range 
of  revolutions 

Hn  —  (C,2-p0,8)nm», 


occurs  with  a  minimum  angle  6  55  12°.  Only  in  the  range 


Art  —  (0,8-r- 1 ,0)  rtniai 


there  is  "loading"  of  the  propeller  with  an  increase  in  $  from  12° 
to  23°  . 

In  a  number  of  contemporary  single-shaft  turboprop  engines  the 
starting  of  the  engine  and  reaching  of  the  maximum  number  of  revolu¬ 
tions  is  accomplished  when  <t>  -  0°  (Fig.  22.7a).  This  denotes  that 
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Pig.  22.7.  Actual  law  of  the  change  In  $  and 
Ng  with  respect  to  the  number  of  revolutions 

of  the  turboprop  engine. 


control  of  operating  conditions  of  the  turboprop  engine  in  operation 
occurs  when  n  ■  const.  Such  a  system  of  control  provides  good 
accelerating  capacity  of  the  engine. 


Figure  22.8  gives  a  family  of  lines  of  working  regimes  of  the 
compressor  of  the  single-shaft  turboprop  engine  at  various  <{>  »  const 
with  "loading"  of  the  propeller,  the  line  $  »  const  is  displaced 
into  the  region  of  increased  values  T*  and  tt* ;  in  this  case  the 

6  K 

reserve  of  the  compressor  with  respect  to  surging  is  decreased. 


ty-conit  Fig.  22.8.  Effect  of  the  change 

'y-comt  in  angle  <p  on  the  line  of  oper- 

jjj-conrt  ating  regimes  of  the  compressor 
of  the  single-shaft  turboprop 


22.1.1.55.  Throttle  Characteristic 
of  the  Turboprop  Engine  when  «""■ 

■  const. 

Figure  22.9  gives  a  standard  throttle  characteristic  of  a 

single-shaft  turboprop  engine  (see  diagram  1  in  Fig.  20.2)  when 

n  *  n  ■  const  in  the  region  of  operating  regimes.  The  throttle 
m&x 

characteristic  of  the  standard  single-shaft  turboprop  engine  with 
respect  to  fuel  consumption  per  hour,  plotted  in  relative  parameter: 
is  given  in  Fig.  22.10. 
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Fig.  22.10. 


Fig.  22.9.  Throttle  characteristic  of  the  turbo 
prop  engine  when  n  =  const  (in  the  region  of 
operating  regimes). 


Fig.  22.10.  Throttle  characteristic  of  the 
single-shaft  turboprop  engine  plotted  in  relative 
parameters . 


22.1.2.  Throttle  Characteristics  of  Double-Shaft 
Turboprop  Engines 


Let  us  examine  throttle  characteristics  of  a  double-shaft 
turboprop  engine.  As  previously,  we  assume  that  in  all  regimes  of 
operation  of  the  engine  there  is  observed  the  condition  of  total 
gas  expansion  in  the  turbine 


pA  —pimPa. 


Figure  22.11  gives  the  throttle  characteristic  of  double-shaft 
turboprop  engine  Rolls-Royce  "Tyne"  RTu.12  with  a  two-stage  com¬ 
pressor.  As  we  see,  with  a  decrease  in  revolution  numbers  of  the 
turbocompressor  of  high  pressure,  as  previously,  propeller  power  and 
.Jet  thrust  are  lowered,  and  the  effective  fuel  consumption  increases. 
Thus,  qualitative  ohangee  in  basic  parameters  of  the  turboprop  engine 
(Ngt  R  and  og)  with  throttling  of  single-shaft  and  double-shaft 
engines  coincide. 


Fig.  22.11.  Throttle  charac 
teristic  of  the  turboprop 
engine  Rolls-Royce  "Tyne" 
RTu.12. 


In  order  to  explain  the  quantitative  distinctions  in  these 
characteristics,  let  us  examine  the  regularity  of  the  change  In 
drops  in  pressures  and  temperatures  of  the  gas  in  basic  elements  of 
the  double-shaft  turboprop  engine  with  respect  to  the  number  of 
revolutions . 

22.1.2.1.  Change  in  Temperature 
and  Pressures  of  the  Qas  in  Charac¬ 
teristic  Sections  of  the  Double^ 

Shaft  Turboprop  Engine  (&lagrani~2 
In  Fig.  20,2). 

Figure  22.12  gives  curves  of  the  change  in  compression  unit  of 
the  compressor  and  expansion  units  of  gas  in  VD  and  ND  turbines  of 
a  double-shaft  turboprop  engine  with  respect  to  the  number  of 
revolutions.  We  see  that  with  throttling  the  VD  turbine  in  a  certain 
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Fig.  22. IP.  Change  in  it*  and  tt* 

H  T 

of  a  double-shaft  turboprop  engine 
with  respect  to  the  number  of 
revolutions . 


range  of  numbers  of  revolutions  appears  "blocked"  in  the  drop  in 
pressures  until  in  the  first  nozzle  box  assembly  of  the  ND  turbine 
the  critical  (or  constant)  regime  of  outflow  is  preserved.  The  law 
of  the  change  in  gas  temperature  T*  with  respect  to  the  number  of 
revolutions  is  determined  by  the  equation  of  balance  of  works  of  the 
VD  turbocompressor 


whence  we  find 


Now  it  is  easy  to  arrive  at  the  conclusion  that  at  different  values 
and  T*  in  design  conditions  the  regularity  of  the  temperature 
change  in  the  gas  in  front  of  the  turbine  T*  in  a  double-shaft  TRD, 
turboprop  engine  and  DTRD  is  practically  the  same. 


22.1.2.2.  Effect  of  the  Change  in 
Angle  of  Setting  of  Blades  of  the 
Propeller  on  Throttle  Characteristics 
of  a  Double-Shaft  Turboprop  Engine. 


In  the  case  of  the  turboprop  engine  with  total  gas  expansion  in 
the  ND  turbine  it  is  possible  with  a  high  degree  of  accuracy  to 
consider  that 


J-»"£k»u>  L 0. 


Let  us  examine  peculiarities  of  the  process  of  t. rottling  of 
the  double-shaft  TRD.  Let  us  assume  that  $  ■  const.  With  a  decrease 
in  the  fuel  feed  into  the  combustion  chamber  as  a  result  of  the 
lowering  of  the  gas  temperature  T*  and  appearing  unbalance  of  works 
of  the  VD  turbocompressor,  the  number  of  revolutions  of  the  latter 
is  decreased.  However,  the  power  of  the  ND  turbine  is  decreased 
more  rapidly  than  the  power  of  the  VD  turbine,  since,  except  for  the 
decrease  in  [sic]  and  the  drop  of  pressures  (ffT(H(I,))  still 
drops.  Therefore,  the  appearing  unbalance  of  works  of  the  ND  turbo- 
compressor  is  removed  by  means  of  a  more  intensive  lowering  of  the 
angular  velocity  of  rotation  of  the  ND  cascade. 


How  does  the  propeller-pitch  control  affect  the  throttle  char¬ 
acteristic  of  the  double-shaft  turboprop  engine?  First  of  all,  let 
us  note  that  the  control  of  propeller  pitch  practically  does  not 
affect  the  power  and  work  of  the  ND  turbine,  the  parameters  of  the 
working  process  of  which  are  determined  completely  by  the  VD  turbo¬ 
compressor.  Therefore,  control  of  the  pitch  of  the  propeller  leads 
only  to  a  change  in  the  number  of  revolutions  of  the  ND  turbocom¬ 
pressor  so  that,  as  previously,  there  is  observed  the  condition 

or  /••“Lrdifl). 


With  a  change  in  angle  $  the  number  of  revolutions  of  the  ND 
compressor,  efficiency  of  the  propeller  n_,  efficiency  of  the  ND 
turbine  and,  in  accordance  with  their  change,  propeller  power 

N  and  thrust  P  change. 

d  U 

Actually , 


AT. 


75 


(22.3) 


ns\ru 

V 


(22.4) 


Thus,  the  control  of  angle  $  makes 
mined  the  optimum  number  of  revolutions 


it  possible,  having  deter- 
of  the  ND  cascade,  to 
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provide  maximum  values  and  n0,  and,  consequently,  maximum 

values  of  N  and  P  (Fig.  22.13). 

B  B 


Fig.  22.13.  Effect  of  the  change  In 
angle  of  setting  of  blades  of  the 
propeller  4>  on  the  propeller  power 
of  the  double-shaft  turboprop  engine. 


I.et  us  note  also  that  the  control  of  the  propeller  pitch  in  the 
system  of  the  double-shaft  turboprop  engine  does  not  affect  the 
position  of  the  line  of  working  regimes  of  the  characteristic  of  the 
compressor. 

Thus,  distinctions  of  throttle  characteristics  of  the  double¬ 
shaft  turboprop  engine  from  corresponding  characteristics  of  the 
single-shaft  turboprop  engine  include: 

1)  various  regularities  of  the  change  in  T *  on  the  number  of 

<0 

revolutions,  which  has  a  known  effect  on  the  course  of  curves  N  ,  R 

e 

and  C  ; 

e 

2)  the  possibility  of  providing  with  the  help  of  the  system  of 
two  separate  turbines  of  optimum  values  the  efficiency  of  the 
propeller  and  ND  turbine  (maximum  of  the  product  of  these  effi¬ 
ciencies  ) . 

If  by  a  change  in  $  in  the  system  of  the  single-shaft  turboprop 
engine  it  is  possible  to  obtain  complete  identity  of  the  change  in 
T *  with  respect  to  the  number  of  revolutions  of  the  single-shaft 
and  double-shaft  turboprop  engine,  then  the  advantage  of  the  double¬ 
shaft  turboprop  engine  nevertheless  remains  the  possibility  of 
achieving  the  highest  values  of  n  and  n*. 

B  1 
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22.1.3*  Reduction  of  Parameters  of  the  Turboprop  Engine 
to  Standard  Atmospheric  Conditions 

The  reduction  of  parameters  of  the  turboprop  engine  to  standard 
atmospheric  conditions  Is  carried  out  with  a  fixed  propeller  pitch 
(4>  ■  const). 

Formulas  of  the  reduction  of  thrust,  number  of  revolutions, 
flow  of  air  and  fuel  consumption  for  the  TRD  and  turboprop  engine 
are  identical. 

22.1.3.1.  Formula  of  the  Reduction 
of  Effective  (Propeller)  Power. 

We  have 


where 


Then 


L.-K,  G.. 


K 


Yr, 


Zi 

u 


"•-kVk  . 


Hence  it  is  easy  to  obtain  the  formula  of  reduction  fcr  the 
turboprop  engine: 


- A'., 


m  /3h 

PitfT 


(22.5) 


The  effective  fuel  consumption 

q  __  632 _ kg 

*  //«IW  hp  h 

is  not  needed  in  the  reduction  to  standard  atmospheric  conditions, 
since  in  similar  regimes  it  maintains  a  fixed  value  (n0  *  const). 
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22.2.  High-Speed  Characteristics  of  the 
Turboprop  Engine 


High-speed  characteristics  of  the  turboprop  engine  are  called 
dependences  of  the  propeller  or  total  (equivalent)  power  and  also 
of  effective  fuel  consumption  on  flight  speed  at  the  assigned  program 
of  control. 

The  high-speed  characteristic  of  the  turboprop  engine  can  be 
obtained  by  experimental  means,  for  example,  in  flight  tests  with 
the  help  of  the  "flying  laboratory,"  and  also,  approximately,  by 
the  analytical  method. 

22.2.1.  Programs  of  Control  of  the  Turboprop  Engine 

in  Plight 

Programs  of  control  of  the  turboprop  engine  refer  to  programs 
of  control  for  maximum  propeller  and  maximum  total  (equivalent) 
power,  for  the  best  economy  and  others.  Each  of  these  programs 
provides  such  a  change  in  parameters  of  the  working  process  at  which 
automatically  at  all  velocities  and  flight  altitudes  the  assigned 
regularity  of  the  change  in  A  ,  A  or  C  will  be  realized. 

B  3KB  6 

22.2.1.2.  Controllable  Parameters 
and  Regulating  Factors  in  the 
Turboprop  Engine"! 


Turboprop  engine,  which  can  be  examined  as  a  particular  case 
of  a  double-shaft  jet  engine,  has  in  general  a  larger  number  of 
regime  parameters  than  the  usual  TRD,  and,  respectively,  a  larger 
number  of  control  factors  and  elements.  For  an  example,  in  the 
single-shaft  turboprop  engine  an  additional,  in  comparison  with  the 
TRD,1  control  factor  is  the  angle  of  setting  of  blades  of  the 
propeller  $° ,  and,  respectively,  the  additional  control  element  — 
propeller  regulator. 


*We  have  in  mind  a  single-shaft  TRD  with  fixed  geometry. 
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The  change  in  angle  $  in  the  turboprop  engine  completes  the 
same  role  as  that  of  control  of  the  critical  (exit)  seciton  of  the 
reactive  nozzle  of  the  TRD,  and  allows  accomplishing  independently 
of  each  other  the  change  in  the  number  of  revolutions  of  the  engine 
n  and  gas  temperature  in  front  of  the  turbine 

Figure  22.14  gives  a  block  diagram  of  control  of  a  single-shaft 
turboprop  engine  with  two  independent  regulators:  number  of  revolu¬ 
tions  and  fuel  feed.  The  engine  has  a  unit  of  united  control  of 
regulators1  with  a  united  control  lever  of  the  engine.  The  connec¬ 
tion  between  the  control  factors  and  adjustable  parameters  is  carried 
out  according  to  the  scheme: 

Gt  -  r;-.  <?-►*. 


Fig.  22.14.  Block  diagram  of  control  of  a 
single-shaft  turboprop  engine. 


In  the  case  of  a  double-shaft  turboprop  engine  the  additional 
control  factor  proves  to  be,  as  previously,  the  angle  <t>,  and  the 
controllable  parameter  —  the  number  of  revolutions  of  the  propeller 
shaft  nQ  or  ND  cascade  -  «^.  In  thi3  case  the  control  of  the 
number  of  revolutions  of  the  VD  turbocompressor  («B^)  and  temperature 
T*  is  produced,  as  in  the  simple  TRD,  by  the  change  in  fuel  feed 
with  the  help  of  automatic  unit  of  fuel  feed  interlinked  with  the 
regulator  the  control  of  the  number  of  ND  revolutions  is  carried 

out  by  a  second,  independent  of  the  first,  regulator  of  revolutions. 

‘Command-fuel  unit  (KTA). 
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The  connection  between  the  control  factors  and  controllable 
parameters  of  the  double-shaft  turboprop  engine  is  carried  out' 
according  to  the  scheme: 


G, 


a™: 
t •• 

1  3* 


Figure  22.15  gives  a  block  diagram  of  the  control  of  a  double¬ 
shaft  turboprop  engine. 


Fig.  22.15.  Block  diagram  of  control  of  a 
double-shaft  turboprop  engine. 


Control  of  the  engine  can  be  accomplished  by  one  lever,  the 
movement  of  which  makes  it  possible  to  maintain  automatically  at  all 
speeds  and  altitudes  of  flight  the  maximum  derivative 

The  introduction  of  the  regulator  of  the  jet  nozzle  (/£  =  var) 
in  the  turboprop  engine  makes  it  possible  to  provide  the  most 
advantageous  distribution  of  energy  between  the  propeller  and 
reaction  and,  consequently,  obtain  the  maximum  equivalent  (total) 
power.  In  accordance  with  the  principle  of  redistribution  of  thrust 
of  the  turboprop  engine,  it  follows  with  an  increase  in  the  flight 
speed  to  cover  simultaneously  the  Jet  nozzle  (for  an  increase  in 
Jet  thrust)  and  "lighten"  the  propeller  (for  a  decrease  in  thrust 
of  the  propeller),  observing  conditions 


n  —const  and  T\= const. 
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In  this  case  the  "lightening"  of  the  propeller  and,  consequently, 
lowering  of  Lq  will  be  compensated  by  a  decrease  in  pressure  differ¬ 
ential  in  general  turbine  so  that  there  will  be  continuously  fulfilled 
the  equality 


The  expediency  of  the  introduction  of  the  regulator  of  the 
exhaust  nozzle  is  determined  by  the  effect  of  the  change  in  velocity 
of  outflow  on  the  thrust  (or  equivalent  power)  of  the  turboprop 
engine . 


Figure  22.16  shows  the  dependence  of  optimum  velocity  of 
expiration  from  the  nozzle  on  the  efficiency  of  the  propeller  and 
flight  speed.  When  n  -  0.8  with  an  increase  in  flight  speed  from  0 

o 

to  240  m/s,  the  optimum  velocities  of  expiration  must  increase  from 
70  to  300  m/s. 


Fig.  22.16.  Dependence  of 
optimum  velocity  of  outflow 
from  the  nozzle  on  the  effi¬ 
ciency  of  the  propeller  and 
flight  speed. 
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We  already  noted  that  on  the  test  stand  the  deviation  of  a  ~ 

O 

~  from  the  optimum  value  leads  to  a  considerable  drop  in  thrust 
(see  Pip.  21.2a).  With  an  increase  in  the  flight  speed  this  effect 
Increasingly  weakens  more  (Fig.  22.17).  At  high  transonic  flight 
speeds  the  deviation  of  a  5  from  the  optimum  value  has  practically 
little  effect  on  the  thrust  of  the  turboprop  engine  (see  Pig.  21.2b). 
Thus,  the  control  of  the  exhaust  nozzle  of  the  turboprop  engine 
would  make  sense  mainly  on  the  test  stand  and  also  at  small  and 
moderate  flight  speeds. 


Pig.  22.17.  Effect  of  the 
velocity  of  outflow  of  gas  from 
the  turbine  on  N  and  C  in 

3  H  B  (33KB 

flight . 


However,  one  should  take  into  account  that  the  introduction  of 
a  variable-area  nozzle  will  require  design  complication  and  an 
increase  in  dimensions  and  weight  of  the  engine,  which  without  the 
proper  compensation  in  thrust  and  economy  is  not  justified.  There¬ 
fore,  in  practice  a  turbine  with  complete  expansion  of  the  eras  and 
uncontrollable  exhaust  system  is  used.  In  such  a  turboprop  engine 
certain  losses  in  thrust  take  place  on  the  test  stand,  i.e.,  under 
conditions  when  the  relative  thrust  of  the  turboprop  engine  (in 
comparison  with  thrust  of  the  TRD)  reaches  a  maximum  value. 

22.2.2.  High-Speed  Characteristic  of  a  Single-Shaft 

Turboprop  Engine 

Let  us  examine  the  high-speed  characteristic  of  the  single¬ 
shaft  turboprop  engine  calculated  for  the  following  conditions: 


1)  H  =  const; 


2)  program  of  control  for  maximum  thrust. 

Program  of  adjustment  of  the  turboprop  engine  for  maximum  total 
thrust  or  maximum  total  (equivalent)  power  consists  of  the  following 
points : 

lj  "  -  ”nax  "  cons'i 

25  T l  ■  '3 (r.ax)  '  const> 

■  3)  x  -  xopt  -  !<V)  or  Cs(opt)  =  7/n,. 

Fulfillment  of  points  (1)  and  (2)  is  provided  by  means  of  the 
use  of  regulators  of  the  propeller  and  of  fuel  feed.  The  observance 
of  point  (3)  requires  the  introduction  of  a  regulator  of  the  jet 
nozzle.  Therefore  let  us  replace  point  (3)  of  the  program  of  control 
by  condition  (31) 

3’)  f6  =  const  and  p4  =  p6  =  pH. 

At  flight  speeds  of  not  more  than  600-700  km/h  the  realization 
:f  r o 1 r 4  (3')  instead  of  (3)  gives  a  small  difference  in  results 
and  in  practice  provides  a  maximum  of  thrust  of  the  turboprop  engine. 

22.2.2.1.  Basic  Assumptions . 

We  will  assume  that: 

1)  when  n  *  const  condition  Lk  -  const  is  observed; 

2)  coefficients  of  partial  losses  and  the  efficiency  of  the 
turbine  and  compressor  maintain  a  constant  value,  i.e., 

r]J=con$t:  n*=con$t;  a*,=const;  o*  e = const  const;  |„>t=const. 

Let  us  examine  now  peculiarities  of  the  high-speed  character¬ 
istic  of  the  turboprop  engine.  With  an  increase  in  flight  speed 


the  total  compression  ratio  and,  respectively,  expansion  ratio  in 
turbine  increases;  the  velocities  of  outflow  at  the  exit  from  the 
turbine  and  from  the  exhaust  pipe  of  the  turboprop  engine  also 
increases . 


Actually,  having  written  the  equation  of  flow  for  the  critical 
section  of  the  first  nozzle  box  assembly  of  the  turbine  and  exhaust 
section  of  the  exhaust  pipe,  we  obtain 


.n-t-l 

tT  2,1  /s?(>s) 

/ r.»9  (*m) 


Thus,  with  an  increase  in  it*  <?(Xj_)  and  X,-  increase. 

Having  written  the  equation  of  balance  of  works  of  the  turbo¬ 
compressor  in  the  form 


Li  —  Lh+L%, 

let  us  arrive  at  the  conclusion  that  for  the  preservation  of  T*  = 

-  const  with  an  increase  in  the  MQ  number  of  flight,  and  consequently, 
with  an  increase  in  the  total  work  of  the  turbine  Lt,  it  is  necessary 
to  "load"  the  propeller.  Thus,  the  surplus  work  of  the  turbine  is 
completely  used  by  the  propeller. 

22.2.2.2.  Change  in  N_  with 
Respect  to  Flight  Speed. 

With  an  Increase  in  flight  speec  the  rate  of  airflow  G  continu- 

D 

ously  increases,  and  this  increase  follows  the  same  regularity  as 
that  of  the  TRD;  the  specific  work  of  the  propeller  L  also 
increases  as  a  result  of  the  increase  in  the  drop  in  pressures  on 
the  turbine  (Fig.  22.18). 


Thus,  the  propeller  power  of  the  turboprop  engine  with  respect 
to  flight  speed  continuously  increases  (Fig.  22.19).  An  increase 
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Pig.  22.18.  Change  in  G  and  L  with 

Q  B 

respect  to  flight  speed. 


Fig.  22.19.  Change  in  propeller  power  of 
the  turboprop  engine,  temperatures  T*  and 

effective  fuel  consumption  of  the  turboprop 
engine  with  respect  to  flight  speed. 


N  at  flight  speed  V  •  200-250  m/s  very  considerably  can  be  (30-50)  % 

D 

of  the  original  value  of  the  power  when  V  =  0. 


22.2.2.3.  Change  in  C_  with 
Respect  to  Flight  Speed. 

From  expression 


C#=3600  -~2— 


it  follows  that  with  an  increase  in  flight  speed  the  effective  fuel 
consumption  of  the  turboprop  engine  is  Intensively  decreased  (see 
Fig.  22.19).  Actually,  the  relative  fuel  consumption  per  1  kg  of 
air  continuously  drops,  and  the  specific  work  of  the  propeller 
increases.  Thermodynamically  the  lowering  of  C  with  respect  to 
flight  speed  is  explained  by  the  increase  in  an  due  to  an  increase 
in  it  . 
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A  lowering  of  CQ  with  respect  to  flight  speed  V  *  200-250  m/s 
can  be  1 5—25%  of  the  original  value  of  fuel  consumption  when  V  =  0. 

22.2.2.4.  Change  in  Jet  Thrust. 

With  an  increase  in  the  flight  speed  the  velocity  of  outflow  of 
the  gas  at  the  exit  from  the  turbine  increases.  However,  the 
specific  jet  thrust 


Ry*~(Ci-  V) 

in  this  case  drops,  and  more  intensively  than  for  the  TRD  (because 
of  less  initial  values  of  Calculations  show  that  the  total 

jet  thrust  also  drops  (Pig.  22.20),  especially  as  in  the  considered 
flight  speed  range  the  consumption  of  air  increases  by  a  total  of 
(10-15)  *. 


Pig.  22.20.  Change  in  jet 
thrust  of  the  turboprop  engine 
with  respect  to  flight  speed. 


The  lowering  of  jet  thrust  at  the  flight  speed  V  =  200-250  m/s 
can  be  (20-30)  %  of  its  takeoff  value. 

Figure  22.21  gives  the  high-speed  characteristic  of  the  single¬ 
shaft  turboprop  engine. 


^JK» 


Fig.  22.21.  High-speed  charac¬ 
teristic  of  the  single-shaft 
turboprop  engine. 


22.2.2.5.  Limitation  of  Propeller 
Power  with  Respect  to  Flight  Speed. 


The  continuous  Increase  In  propeller  power  of  the  turboprop 
engine  leads  to  an  Increase  in  the  loads  (torsional  moment,  peripheral 
stresses)  on  parts  of  the  planetary  reduction  gear  of  the  propeller 
and  to  an  increase  in  their  stresses. 

The  need  to  provide  reliable  operation  of  this  extremely 
important  design  subassembly  requires  either  a  weight  increase  in  the 
reduction  gear  (for  strengthening  of  the  parts),  or  a  limitation  in 
the  magnitude  of  the  propeller  power,  beginning  with  a  certain  flight 
speed  at  which  N  reaches  the  assigned  limiting  value.  Limitation 
of  the  propeller  power  (see  Pig.  22.19)  is  carried  out  according  to 
the  torsional  moment  on  the  turbine  shaft  either  by  means  of  lowering 
the  number  of  revolutions  of  the  turboprop  engine  or  decreasing  the 
temperature  of  the  gas  in  front  of  the  turbine  (for  example,  by 
"lightening"  of  the  propeller).  In  turn,  the  lowering  of  T*  leads 
to  a  worsening  of  the  economy  of  the  engine  in  regimes  of  flight 
with  the  limitation  of  power. 

22.2.3.  Peculiarities  of  High-Speed  Characteristics 
of  Double-Shaft  Turboprop  Engines 

Let  us  examine  peculiarities  of  high-speed  characteristics  of 
double-shaft  turboprop  engines  (diagram  2  in  Fig.  20.2). 

Let  us  assume  that  the  program  of  control  of  the  engine  includes 
the  following  points: 

x>  "TH  *  "max  ■  oonst! 

2)  fs  ■  const; 

3)  nB  ■  nu_,._  (from  the  condition  of  providing  the  maximum 

G  H  a  rl  B 

value  of  the  product  n 

T  •  B  G 
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In  this  case  when  *  const  we  have  ■  const  and  ^(g^) 

=  const,  conditions  ■  const  and  T*  ■  const  are  equivalent. 

Let  us  assume  that,  as  previously,  at  all  flight  speeds 

P\  =  />i=/V 


With  an  increase  in  the  flight  speed  the  work  of  the  turbine 
of  the  propeller  increases 


in  accordance  with  an  increase  in  the  pressure  differential  on  it. 
The  temperature  of  the  gas  in  front  of  the  ND  turbine 


T\ 


remains  constant,  since  we  assume  that  the  drop  in  pressures  in  the 
VD  turbine  is  maintained  constant.1 


Thus,  with  an  increase  in  the  flight  speed  the  consumption  of 
air  through  the  engine  increases,  and  the  work  of  the  ND  turbine  and 
propeller  power  of  the  engine  increases.  The  effective  fuel  con¬ 
sumption  is  decreased.  In  comparison  with  the  characteristic  single¬ 
shaft  turboprop  engine,  values  PQ  and  are  somewhat  more,  and  Cg, 
respectively,  less  because  of  higher  values  of  n  and  n* 

B  T  •  B 

22.2.3.1.  Change  in  Total  Thrust 
and  Specific  Fuel  Consumption  of 
th  Turboprop  Engine  with  Respect 
to  Flight  Speed. 

An  examination  of  high-speed  characteristics  of  the  turboprop 
engine  leads  us  to  the  conclusion  of  the  fact  that  with  an  increase 

^his  is  valid  when  velocities  of  outflow  from  the  first  nozzle 
box  assembly  of  the  ND  turbine  reach  critical  values. 
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in  the  flight  speed  the  propeller  power  N  increases,  and  the  effec- 
tlve  fuel  consumption  is  lowered  indefinitely  in  the  whole  range  of 
subsonic  and  supersonic  flight  speeds. 

Does  this  mean  that  the  use  of  the  turboprop  engine  is  more 
profitable,  the  more  the  Mq  number  of  flight?  No,  such  a  conclusion 
was  completely  Incorrect. 

The  basic  criteria  of  effectiveness  of  the  turboprop  engine 
are  not  the  propeller  power  but  the  total  thrust  of  the  turboprop 
engine,  and  not  the  effective  fuel  consumption  but  the  specific 
fuel  consumption  (referred  to  1  kgl’  of  total  thrust). 

From  expressions  for  total  thrust  and  specific  fuel  consumption 
of  the  turboprop  engine 

and 
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it  follows  that  the  total  thrust  of  the  turboprop  engine  with 
respect  to  the  MQ  number  continuously  drops,  and  the  specific  fuel 
consumption  increases  even  in  that  ideal  case  when  nB  *  1.0.  However 
the  drop  in  efficiency  of  the  propeller  at  high  transonic  flight 
speeds  noticeably  increases  the  lowering  of  P ^  and  increase  in 
If  with  the  same  generator  of  gas  (i.e.,  at  assigned  values  of  G  , 

D 

tt*  and  Ti)  we  examine  the  comparative  passage  of  high-speed  charac- 
teristics  of  the  turboprop  engine  5  1.0)  and  TRD  (x  ■  0),  then 

it  is  found  that  the  very  considerable  advantage  of  the  turboprop 
engine  over  the  TRD  with  respect  to  the  developed  thrust  and  economy 
on  the  test  stand  0-5  times)  with  an  increase  in  MQ  number  (MQ  * 

*  0.85-0.90),  as  a  result  of  a  sharp  drop  in  efficiency  of  the 
propeller  (see  Fig.  21.3),  the  thrusts  and  specific  fuel  consumption 
of  the  turboprop  engine  and  TRD  are  equalized  (Fig.  22.22). 
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Pig.  22.22.  Comparison  of  high¬ 
speed  characteristics  of  turboprop 
engine  and  TRD:  a)  thrust;  b) 
total  efficiency. 


Thus,  the  field  of  the  expedient  use  of  the  turboprop  engine 
on  the  economy  continually  is  still  as  it  was  15-20  years  ago  and 
is  limited  by  subsonic  flight  speeds.  Attempts  of  the  distribution 
of  this  region  at  supersonic  flight  speeds  did  not  give  expected 
results  mainly  as  a  result  of  difficulties  of  the  creation  of  super¬ 
sonic  propellers,  which  have  an  insufficiently  high  efficiency  on 
the  test  stand  even  at  subsonic  flight  speeds. 

22.3.  Altitude  Characteristics  of  the 
turboprop  Engine 

Altitude  characteristics  of  the  turboprop  engine  are  called 
dependences  of  the  propeller  or  total  (equivalent)  power  and  effec¬ 
tive  fuel  consumption  on  the  altitude  of  flight  at  the  assigned 
program  of  control.  Similar  to  high-speed  characteristic,  the 
altitude  characteristic  can  be  obtained  either  in  a  flight  experi¬ 
ment  or  by  analytical  means. 

22.3.1.  Altitude  Characteristics  of  Single-Shaft 
Turboprop  Engines 

Let  us  examine  the  altitude  characteristic  of  the  single-shaft 
turboprop  engine  with  complete  expansion  of  the  gas  in  the  turbine 
on  the  condition  that  V  =  const  with  the  program  of  control,  which 
includes  the  following  points: 
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1)  n  *  const; 


2)  T*  =  const; 

3)  fs  =  const  and  pj  »  p£  «  pH. 

Fulfillment  of  points  (1)  and  (2)  is  provided,  just  as  in  the 
case  of  the  high-speed  characteristic,  by  means  of  the  use  of  two 
regulators  (propeller  and  of  fuel  feed)  united  in  the  command-fuel 
unit  (KTA) . 

With  an  increase  in  flight  altitude,  as  a  result  the  increase 
in  total  compression  ratio,  increases  the  drop  of  pressures  on  the 
turbine,  and  the  KTA  automatically  "loads"  the  propeller,  maintaining 
the  revolution  number' of  the  engine  and  gas  temperature  in  front  of 
the  turbine  constant. 

22.3.1.1.  Change  in  NQ  in  Flight 
Altitude. 

With  an  increase  in  altitude  the  mass  flow  of  air  through  the 
turboprop  engine  is  continuously  decreased. and  according  to  the  same 
regularity  as  ^hat  of  the  TRD;  the  specific  work  of  the  propeller 
increases  as  a  result  an  Increase  in  tt*.  Since  the  drop  in  air 
consumption,  in  comparison  with  a  change  in  it* ,  is  decisive,  which 
the  propeller  power  of  the  turboprop  engine  with  an  increase  in 
altitude  also  drops,  but  more  slowly  than  <7  ;  the  fall  in  N  at 
altitudes  more  than  11  km  is  intensified,  because  at  these  "iso¬ 
thermal"  altitudes  the  specific  work  of  the  propeller  already  main¬ 
tains  a  constant  significance.  The  latter  is  explained  by  the  fact 
that  on  account  of  the  fact  that  T  ■  const,  the  increase  in  ir 
and  tt*  ceases  (Fig.  22.23). 

At  altitudes  of  H  >  11  km  we  have 


N»~pm, 


(22.6) 
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Pig.  22.23.  Change  in  propeller 
power  of  the  turboprop  engine 
with  an  increase  in  altitude  of 
flight. 


0  11km  H  km 

22.3.1.2.  Change  in  C  with 
Respect  to  Flight  Altitude. 

With  an  increase  in  altitude  the  effective  efficiency  of  the 
cycle  n  increases,  which  is  conditioned  by  the  increase  in  total 
compression  ratio  ir  =  p*/p  and  degree  of  preheating  6  =  T%/T  .  An 

u  H  H 

increase  in  effective  efficiency  leads  to  the  proportional  lowering 
of  the  magnitude 


C,= 


632 

H,  iw 


t 


which  is  continued  up  t  the  altitude  H  *  11  km.  With  a  further 

increase  in  altitude,  on  account  of  the  fact  that  T  =  const, 

parameters  n  and  C  remain  constant  (Pig.  22.24). 

&  & 


Pig.  22.24,  Change  in  effec¬ 
tive  fuel  consumption  and 
efficiency  turboprop  engine 
with  an  increase  in  altitude 
of  flight. 


An  analysis  of  expression  C@  according  to  formula  (21.11)  leads 
us  to  the  same  results,  since  an  increase  in  L&  proves  to  be  the 
factor  predominant  over  increase  ^  (T*  -  Tt.) . 

T  6  c 

22.3.2.  High-Altitude  Turboprop  Engines 

With  an  increase  in  altitude  the  propeller  power  of  the  turbo¬ 
prop  engine  continuously  drops.  Thus,  the  turboprop  engine,  similar 
to  the  turbojet  or  piston,  is  a  low-level  engine. 

The  last  years  have  been  marked  by  the  intensive  development 
of  so-called  "high-altitude"  turboprop  engines,  the  power  of  which 
with  a  raising  up.  to  a  definite  altitude  -  "altitude  of  limitations"  - 
remains  constant.  A  peculiarity  of  these  engines  is  that  they  are 
designed  for  strength  not  on  the  ground,  but  at  the  mentioned 
"altitude  of  limitation,"  i.e.,  under  conditions  of  reduced  density 
of  the  medium  and,  consequently,  at  reduced  values  of  aerodynamic 
forces  acting  on  blades  of  the  compressor  and  turbine  and  also  the 
power  and  peripheral  stresses  acting  on  elements  of  the  planetary 
reduction  gear. 

Consequently,  such  a  turboprop  engine,  having  in  altitude- 
high-speed  conditions  the  necessary  reserve  of  strength,  proves  to 
be  lightened  in  comparison  with  the  standard  turboprop  engine 
designed  for  strength  at  maximum  flight  speed  near  the  ground. 

With  a  decrease  in  altitude  of  flight  of  an  aircraft  with  a 
turboprop  engine,  loads  which  are  imparted  to  the  basic  subassemblies 
of  the  engine  increase,  and,  consequently,  there  appears  the  need  in 
the  limitation  of  the  magnitude  of  parameter  N  .  For  this  purpose 

0 

either  the  revolution  number  of  the  engine  or  the  gas  temperature 
in  front  of  the  turbine  (simultaneously  "lightening"  the  propeller) 
must  be  lowered.  For  such  turboprop  engines  the  altitude  charac¬ 
teristic  has  the  form  shown  in  Fig.  22.25.  The  lowering  of  T*  at 
altitudes  less  than  the  "altitude  of  limitation"  leads  to  an 

Increase  in  C  . 

€ 
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Pig.  22.25.  Altitude  charac¬ 
teristic  of  "high-altitude" 
turboprop  engines. 


With  an  increase  in  the  flight  speed  a  decrease  in  T*  becomes 
more  intensive,  and  the  "altitude  of  limitation"  increases  respec¬ 
tively. 


Fig.  22.26.  Altitude-high-speed  character¬ 
istics  of  a  "high-altitude"  single-shaft  TVD. 
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Figure  22.26  gives  the  altitude-high-speed  characteristics  of 
"high-altitude"  single-shaft  turboprop  engine. 


PART  SEVEN 

SPECIAL  OPERATIONAL  CHARACTERISTICS 
OF  AIRCRAFT  GAS  TURBINES 


CHAPTER  23 


STARTING  AND  TRANSITIONAL  REGIMES  OP  GAS  TURBINES 
23.1.  Starting  of  the  Gas  Turbine 

Peculiarities  of  the  starting  of  gas-turbine  engines,  including 
aircraft,  is  that  it  proves  to  be  possible  only  with  the  help  of 
outside  source  of  energy,  which  is  quite  powerful  and  acts  for  a 
relatively  long  time  interval. 

In  this  respect  the  starting  of  the  gas  turbine  is  considerably 
distinguished  from  the  starting  of  piston  engines,  for  the  realiza¬ 
tion  of  which  the  turning  of  the  crankshaft  of  the  engine  by  hand 
or  mechanical  means  for  2-3  revolutions  is  sufficient.  In  gas-turbine 
engines,  only  beginning  with  a  definite  quite  large,  number  of 
revolutions  (let  us  call  it  the  "number  of  revolutions  of  idling") 
at  which  there  is  created  increased  pressure  at  the  exit  from  the 
compressor,  steady  operation  of  the  combustion  chamber  proves  to  be 
possible,  and  the  turbine  can  develop  a  surplus  power  necessary 
for  rotation  of  the  compressor.  If,  however,  revolutions  of  the 
gas  turbine  are  lower  than  the  minimum  balanced,  (at  which  the  power 
of  the  turbine  at  the  maximum  permissible  gas  temperature  is  equal 
to  the  work  of  the  compressor),  then  the  autonomous  work  of  the 
gas-turbine  engine  is  impossible. 

Systems  which  generate  power  necessary  for  starting  and  turning 
the  rotor  of  the  gas  turbine  up  to  revolutions  of  idling  are  called 
starters . 
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23.1.1.  Types  of  Starters 


The  basic  requirements  of  starters  are:  light  weight  and  small 
dimensions,  high  degree  of  reliability,  and  the  ability  to  develop 
short-term  high  power  necessary  for  rapid  starting  and  putting  the 
gas  turbine  into  the  regime  of  idling. 

There  is  a  great  number  of  various  means  of  starting  a  gas 
turbine.  At  present  the  most  widespread  are  electrical  engines 
(electric  starters  and  starter  generators)  and  turbine  starters 
(gas-turbine  engines  and  turbines  operating  on  various  working 
media:  compressed  air,  gun-powder  gases,  combustion  products  of 
kerosene).1  The  free  power  of  these  engines  changes  from  the  several 
tens  to  several  hundreds  of  horsepower. 

23.1.2.  Dynamics  of  Starting  of  the  Gas  Turbine 

23.1.2.1.  Fundamental  Equation  of 
Starting  of  a  Gas  Turbine. 

The  starting  of  a  gas  turbine  is  a  steady  process,  since  the 
number  of  revolutions  of  the  rotor  changes  with  time;  it  can  be 
described  by  the  following  equation  of  dynamics: 

\1=M'T+Mr-Mu-A1rv,  (23.1) 

where  M  -  moment  of  rotation  of  the  starter;  M  ,  M„  -  moments  of 
rotation  of  the  turbine  and  of  compressor,  respectively;  M  -  moment 
expended  for  overcoming  mechanical  losses  (.in  bearings)  and  on  the 
drive  of  the  units;  AM  -  surplus  moment  necessary  for  acceleration 
of  the  rotor  of  the  engine;  J  -  polar  moment  of  inertia  of  the 

(fkl 

rotor;  *=—  -  angular  acceleration  of  the  rotor. 


‘Piston  starters  used  in  the  early  stage  of  the  creation  of  the 
TRD,  as  a  result  of  heavy  weight  and  difficulties  in  starting  in 
winter,  did  not  become  widespread. 


Having  substituted  moments  of  rotation  in  terms  of  power 
with  the  help  of  known  correlations 


•Hr  and 


we  obtain  the  fundamental  equations  of  starting  in  the  form: 


Jn 


,1n  7.V000 


d! 


(23.2) 


23.1.2.2.  Stages  of  Starting. 

The  process  of  starting  of  the  gas  turbine  can  be  subdivided 
into  three  stages  (Pig.  23.1). 


Pig.  23.1.  Stages  of  starting  of  the 
gas  turbine. 


Subsequently,  we  will  refer  the  power  of  friction  to  the 
power  of  the  compressor. 
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Tne  first  stage,  when  the  combustion  chambers  of  the  GTD  do 
not  operate  and  the  turbine  does  not  develop  power.  Accelerat ion 
of  the  rotor  of  the  engine  occurs  as  a  result  of  the  fact  that  the 
power  of  the  starter  exceeds  the  power  of  the  compressor  (surplus 
power  of  the  starter). 

The  first  stage  of  starting  is  described  by  equation 


Jn  d-'T- =~rt«4P(JVCf- /V„>. 


(23.3) 


In  this  case  =  0. 

At  the  end  of  the  stage  ( n  =  n^)  a  special  starting  system, 
consisting  of  torch  igniters  and  fuse  devices  (electrical  spark 
plug),  feeds  into  the  combustion  chamber  of  the  gas  turbine  a  priming 
fuel  (kerosene  or  gasoline)  and  ignites  it.  The  initial  starting 
torch  serves  as  subsequent  ignition  of  the  basic  fuel  entering 
through  the  main  operating  sprayers. 

The  second  stage,  when  acceleration  of  the  rotor  of  the  gas 
turbine  occurs  as  a  result  of  the  fact  that  the  total  power  of  the 
starter  and  turbines  exceeds  the  power  of  the  compressor.  Magnitude 
T*  is  maintained  at  a  maximum.  The  second  stage  of  starting  is 
described  by  equation 


Jn  —  6S40 l(Af„ -f- ArT) — JVJ.  ( 23  JO 

At  the  end  of  the  stage,  when  the  power  of  the  turbine  con¬ 
siderably  exceeds  the  power  of  the  compressor,  the  starter  is 
disconnected;  In  this  case  the  number  of  revolutions  n2  is  usually 
1. 5-2.0  times  more  than  the  minimum  balanced  revolutions. 

The  third,  stage,  when  acceleration  of  the  rotor  occurs  only 
as  a  result  of  the  fact  that  the  power  of  the  turbine  exceeds  the 
power  of  the  compressor. 
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Equation  of  the  third  stage  of  starting  has  the  form 


(23.5) 

at 

In  this  case  N  ■  0.  The  gas  temperature  T%  is  gradually  lowered. 

CT  j 

At  the  end  of  the  third  stage  the  engine  goes  into  the  idling 
regime  (tf  »  JV  ).  The  revolution  number  «  _  does  not  depend  on 

the  starting  device  but  is  determined  for  the  given  turbocompressor 
only  by  a  permissible  balanced  gas  temperature  r3(paBH;' 

The  process  of  starting  (including  all  three  stages)  is 
accomplished  automatically. 

23.1.3.  Starting  of  Double  Shaft  Gas  Turbines 

The  use  of  double  of  three-shaft  gas  turbines  simplifies 
starting,  since  it  considerably  decreases  the  power  necessary  for 
acceleration  of  the  rotor.  In  this  case  the  starter  accelerates 
only  the  VD  rotor  having  the  lesser  moment  of  inertia  and  revolving 
under  conditions  of  reduced  air  density  at  the  entrance. 

23 • 1 . ^ .  Starting  of  the  TRD  in  flight 

A  peculiarity  of  starting  of  the  TRD  in  flight  is  that  the 
need  In  acceleration  of  the  engine  rotor  with  the  help  of  the 
starter  disappears.  The  counterflow  of  air  leads  the  rotor  into 
rapid  rotation  (process  of  autorotation),  at  which  for  the  realiza¬ 
tion  of  starting  it  is  sufficient  only  to  ignite  the  fuel  in  the 
combustion  chambers. 

It  is  necessary  to  keep  in  mind  that  in  the  regime  of  auto¬ 
rotation  the  compressor  develops  almost  no  surplus  pressure; 
therefore  conditions  of  operation  of  the  combustion  chamber  of  the 
?utorotating  engine  are  less  favorable  than  in  the  case  of  normal 
starting  on  the  ground. 

With  an  increase  In  altl  d®  separation  of  the  already  appearing 
flame  is  possible.  To  ensure  reliable  starting  at  an  altitude 
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in  regimes  of  autorotation,  it  is  necessary  to  provide  the  formation 
in  the  combustion  chamber  a  powerful  source  of  flame. 

23.1.5.  Effect  of  External  Atmospheric  Conditions 
on  the  Starting  of  the  TRD 

With  a  reduction  in  external  temperature  the  power  of  friction 
increases.  As  a  result  of  this  the  surplus  power  of  the  starter 
is  lowered,  the  starting  is  "prolonged,"  revolutions  of  idling 
are  lowered,  and  conditions  of  acceleration  of  the  rotor  up  to  the 
operating  regimes  are  made  worse. 

To  improve  the  starting  of  the  gas  turbine  at  low  temperatures 
of  atmosphere  [t  <  (-15°C  to  -25°C)]  it  is  necessary  preliminarily 

H 

to  warm  thoroughly  the  turbine  starter,  and  in  order  to  avoid  its 
thickening,  to  dilute  the  oil  with  gasoline. 

23.2.  Transient  Conditions  of  the  Gas  Turbine 


After  the  process  of  starting  has  been  completed  and  the  turbo¬ 
jet  engine  has  been  put  into  the  regime  of  idling,  further  accelera¬ 
tion  of  the  TRD  up  to  maximum  revolutions  is  carried  out  only  by 
means  of  an  increase  in  fuel  feed  in  the  combustion  chamber;  in 
practice  this  is  achieved  by  means  of  steady  movement  of  the  control 
lever  of  the  engine,  interlinked  with  automatic  unit  of  fuel  feed, 
until  it  stops.  Since  with  an  increase  in  fuel  feed  the  gas 
temperature  in  front  of  the  turbine  instantly  increases,  then  the 
power  of  the  turbine  proves  to  bv1  more  than  the  power  of  the  com¬ 
pressor,  l.e.,  N  N  ,  and  the  number  of  revolutions  of  the 
turbocompressor  continuously  increases. 

With  a  decrease  in  fuel  feed,  conversely,  the  gas  temperature 
in  front  of  the  turbine  drops,  the  power  of  the  turbine  proves  to 
t  <-  lower  than  the  power  of  the  compressor 

and  the  number  of  revolutions  of  the  compressor  is  respectively 
lowered  from  the  maximum  to  minimum  (in  the  regime  of  idling). 
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Processes  of  the  acceleration  and  deceleration  of  the  turbo- 
compressor  are  unsteady  transitional  regimes  of  operation  of  the 
engine.  They  are  described  by  the  motion  equation,1 


Jn  -  n-  - 


(A rf-N„). 


(23.6) 


Figure  23.2  gives  lines  of  joint  modes  of  the  compressor  and 
of  turbine  for  the  dynamic  transient  conditions  of  acceleration 
of  the  TRD  turbocompressor.  As  it  appears,  this  line  (AA'mB)  is 
considerably  distinguished  from  the  line  of  operating  regimes  of 
the  steady  (and  it  is  better  to  say,  quasi-static)  process  (ACB), 
for  which  we  substitute  the  infinitely  large  combination  of  equilibrium 
conditions  of  the  turbo-supercharger  in  different  numbers  of  revolu¬ 
tions.  Plotted  on  Fig.  23.2  is  also  the  line  of  the  dynamic  process 
of  deceleration  of  the  TRD  turbocompressor  (BB'nA). 


Fig.  23.2.  Comparison 
of  dynamic  lines  of 
operating  regimes  of 
the  turbocompressor 
with  an  increase  and 
decrease  in  fuel  feed 
in  transitional  regimes. 


Since  with  an  increase  in  fuel  feed  at  the  first  instant  the 
revolution  number  of  the  rotor  little  increases  (Fig.  23.3)  (and 
the  more  slowly  it  increases,  the  more  moment  of  inertia  of  the 
rotor),  the  increase  in  rate  of  airflow  lags  the  increase  in  fuel 
consumption.  As  a  result  the  gas  temperature  sharply  increases, 
and  the  regime  point  of  the  compressor  is  moved  in  the  direction  of 
.the  limit  of  surging  (see  line  AA '  on  Fig.  23.2).  Simultaneously, 


'Dividing  the  integral  transitional  regime  (from  idling  to 
maximum)  into  elementary  sections,  it  is  possible  for  each  of  them 
with  the  help  of  equation  (23.6)  and  also  dynamic  characteristics 
of  the  turbine  and  compressor,  according  to  the  number  of  revolutions, 
to  determine  the  time  of  passage  of  the  elementary  process  and  then 
find  the  total  time  of  passage  the  integral  process. 
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Fig.  23.3.  Effect  of 
opening  of  the  exhaust 
nozzle  on  accelerating 
capacity  of  the  TFD. 


the  coefficient  of  the  surplus  of  air  increases,  as  a  result  of 
which  there  can  occur  flameout  in  the  combustion  chamber  due  to  the 
superenrichment  of  the  mixture  (Fig.  23.4,  curve  4). 


Fig.  23.4.  Change  in 
a  on  transitional 
regimes  of  the  TRD. 


'./ltn  an  increase  in  the  number  of  revolutions  of  the  rotor, 
the  dynamic  LRR  is  deformed  as  is  shown  in  Fig.  23.2,  gradually 
approaching  the  static  LRR. 

With  a  decrease  in  fuel  feed  at  the  first  instant  there  is  a 
lowering  of  T ^  and  depletion  of  the  fuel-air  mixture  (sharp  increase 
in  a).  Nov;  the  regime  point  of  the  compressor  is  moved  so  that  tho 
stability  margin  of  the  compressor  increases;  however,  there  appears 
the  danger  of  flameout  in  the  combustion  chamber  due  to  superenrich¬ 
ment  of  the  mixture  (curve  2  on  Fig.  23.4). 

Subsequently,  the  dynamic  line  of  working  regimes  is  also 
intersected  with  the  static  LRR. 


Thus,  the  feed  of  an  excessively  large  quantity  of  fuel  with 
the  acceleration  of  the  gas  turbine  can  lead  to  disruptions  in  the 


operation  of  the  engine;  they  are  connected  with  the  appearance  of 
unstable  operation  of  the  compressor,  with  the  overheating  of 
blades  of  the  gas  turbine,  and  also  with  flameout  in  the  combustion 
chamber  due  to  superenrichment  of  the  mixture. 

With  a  drop  in  revolutions  a  decrease  in  the  fuel  feed  can 
lead  to  a  superenrichment  of  the  mixture  (due  to  a  sharp  lowering 
of  ,  and,  consequently,  to  a  damping  of  the  flame  in  the  combustion 
chamber. 

To  prevent  these  undesirable  phenomena  in  the  operation  of  the 
TRD  and  for  the  purpose  of  the  approach  of  dynamic  lines  of  operating 
regimes  to  the  static  LRR,  special  automatic  unite  of  accelerating 
capacity ,  which  regulate  the  fuel  feed  into  the  combustion  chamber 
in  accordance  with  the  increase  in  air  pressure  behind  the  compressor, 
are  used. 

In  this  case  the  dynamic  lines  of  operating  regimes  deviate 
less  from  the  static  line  ACB  (see  Fig.  23.2). 

23.3.  Accelerating  Capacity  of  the  Gas  Turbine 

Accelerating  capacity  is  understood  as  the  ability  of  the  engine 
to  increase  thrust  rapidly  with  the  feed  of  fuel  from  the  minimum 
of  its  value  up  to  the  maximum.  Correspondingly,  the  time  necessary 
for  the  transition  from  the  regime  of  idling  to  the  maximum  regime 
i3  called  the  time  of  accelerating  oapaoity .  For  the  majority  of 
gas  turbines  (with  an  unvariable  exhaust  nozzle)  it  is  equal  to: 

Tn»-10-M5  S. 


When  thrust  augmentation  in  the  TRD  is  connected  with  the 
acceleration  of  the  rotor  (/^  ■  const),  the  time  of  the  accelerating 
capacity  can  be  determined  with  the  help  of  the  equation  of  dynamics 
of  acceleration  of  the  TRD  in  the  form 


Jn 


4n 


(•V,*,, -//.)- 


song, 

n* 


(^t  Mlt  (|)| 
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whence 


-  n*  f  _ Jnln 

n>~  fOO  )  (ltnn-  Lu)0,  '  (23.7) 

*«.r 

Prom  the  obtained  integral  equation  (23.7)  it  follows  that 
the  less  the  time  of  accelerating  capacity,  the  less  the  moment  of 
inertia  of  the  rotor  of  the  turbocompressor  of  the  gas  turbine, 
the  more  the  surplus  power  of  the  turbine  (i.e.,  the  higher  the 
gas  temperature  in  front  of  the  turbine,  the  more  the  drop  in 
pressures  on  it,  and  the  more  the  flow  of  air  through  the  engine) 
and  the  more  the  number  of  revolutions  of  idling. 

To  improve  the  accelerating  capacity  of  the  gas  turbine  it  is 
necessary:  to  decrease  the  moment  of  inertia  of  the  accelerated 

masses  (by  means  of  the  transition  from  a  single-shaft  to  double¬ 
shaft  design  of  the  engine,  by  means  of  the  use  of  plastics  in  the 
construction  of  the  turbocompressor,  etc.);  to  Increase  the  maximum 
permissible  gas  temperature  in  front  of  the  turbine  (by  means  of 
the  use  of  materials  of  increased  strength  and  the  introduction  of 
cooling  of  the  blades);  to  increase  the  drop  in  pressures  on  the 
turbine  (by  means  of  complete  "opening”  of  the  Jet  nozzle  in  the 
regime  of  starting;  the  greater  the  exit  section  of  the  nozzle 
with  starting,  the  less  the  time  of  the  gain  n  ,  see  Pig.  23.3). 

With  an  increase  in  T *  in  the  maximum  regime  the  gas  temperature 
in  throttle  regimes  is  sharply  lowered  (Fig.  23.5),  which  is  explained 
by  the  preservation  of  the  drop  in  pressures  on  the  turbine  in  the 
large  range  of  operating  regimes.  An  increase  in  the  permissible 
interval  of  the  increase  in  gas  temperature  LT*  with  acceleration 
improves  the  accelerating  capacity  of  the  gas  turbine.  Utilization 
of  these  means  allows  in  a  number  of  cases  reducing  the  time  of 
accelerating  capacity  to  6-8  s,  and  in  lift  engines  -  to  *1-5  s. 
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Fig.  23.5.  Effect  of 
maximum  gas  temperature 
on  LT  with  throttling 

of  the  engine. 


23.3.1.  Effect  of  Altitude  of  Flight  on  the  Time 
of  Accelerating  Capacity  of  the  Gas  Turbine 

Since  with  the  increase  in  altitude  the  mass  exit  of  air  through 
the  engine  is  decreased,  then  the  surplus  power  of  the  turbine  drops 
(Fig.  23.6): 


AN~Ua, 

and,  consequently,  the  time  of  accelerating  capacity  increases.  At 
high  altitudes  (8-11  km  and  above)  the  time  of  accelerating  capacity 
increases  4-5  times  (as  compared  to  the  test  bench),  and  therefore 
on  these  altitudes  it  is  not  recommended  to  throttle  the  engine. 

The  revolution  number  of  idling  of  the  gas  turbine  increases  with 


altitude;  maneuverable  properties 
are  made  worse. 


jrhp 


Figure  23.7  shows  curves  of  the 
ducted-fan  engine  Rolls-Royce  "'’ney" 
and  at  an  altitude. 


of  the  gas  turbine  at  an  altitude 


Fig.  23.6.  Comparison 
of  accelerating  capacity 
of  the  TRD  on  a  test 
stand  and  in  flight. 


accelerating  capacity  of  a 
with  flight  near  the  ground 
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Pig.  23.7.  Curves  of 
accelerating  capacity  of 
a  ducted-fan  engine 
Rolls-Royce  "Spey"  with 
flight  near  the  ground 
(1)  and  at  the  altitude 
of  H  =  7600  m  (2) . 


CHAPTER 


24 

EFFECT  OF  CONDITIONS  OF  OPERATION  ON  CHARACTERISTICS 
OF  AIRCRAFT  GAS  TURBINES 


24. 1.  Effect  of  Various  Operational  Factors  on  the  Regime 
of  Operation  and  Parameters  of  the  Turbojet 
(Turboramjet)  Engine 

Various  operational  factors  having  a  considerable  effect  on 
the  regime  of  work  and  parameters  of  the  TRD  (TRDF)  can  be  subdivided 
into  the  following  groups: 

1.  External  and  flight  oonditione.  These  include  the  state 
of  the  external  atmosphere  (pressure  and  temperature  of  the  air, 
humidity  of  the  atmosphere),  and  also  the  speed  and  altitude  of 
flight.  The  effect  of  these  conditions  on  the  operation  of  the 
engine  is  manifested  through  a  change  in  complete  parameters  of 
the  air  (p*,  T* ) . 

2.  Faotore  whioh  lead  to  additional  gae-dynamio  and  hydraulic 
loeeee  in  the  gae-air  ohannel.  Specific  conditions  of  the  operating 
of  the  engine  on  an  aircraft  can  cause  additional  gas-dynamic  and 
hydraulic  losses  and  intensify  the  nonuniformity  of  flow  in  various 
elements  of  the  engine:  in  its  intake,  compressor,  jstion 
chamber,  turbine,  afterburner,  and  Jet  nozzle.  These  onditions 
include:  the  presence  of  long  and  curved  inlet  and  exit  aircraft 
channels;  the  presence  of  dust  and  other  mechanical  particles  in 
the  atmospheric  air  being  sucked  in,  which  leads  to  the  working  of 
the  surface  of  working  elements  of  the  engine,  their  warping. 
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chipping,  dents,  etc.,  and  to  the  appearance  of  ice  deposit  at 
the  inlet  of  the  engine;  operating  at  very  great  altitudes  at  which 
a  sharp  lowering  of  Reynolds  numbers  approaches,  and  as  a  result 
of  this  -  a  drop  in  efficiency  of  the  compressor  and  turbine. 

An  increase  in  losses  in  the  gas-air  channel  of  the  engine, 

\  as  a  rule,  disrupts  the  process  of  operation  of  the  engine  and 

makes  its  economy  worse. 

One  should  keep  in  mind  that  an  increase  in  hydraulic  losses 
in  TRD  elements  is  almost  always  accompanied  by  the  reinforcement 
of  the  nonuniformity  of  temperature  and  high-speed  fields,  which 
additionally  makes  conditions  of  operation  of  the  engine  worse: 
there  is  overheating  of  the  engine,  cutoff  and  oscillating  regimes 
appear,  and  vibrations  in  subassemblies  of  the  engine  appear. 

3.  Factors  which  lead  to  the  worsening  of  carburetion  in 
combustion  chambers  and  afterburners .  In  a  number  of  cases  with 
operation  of  the  engine  carburetion  in  the  combustion  chambers  and 
afterburners  is  made  worse,  as  a  result  of  which  the  completeness 
of  fuel  combustion  decreases  and  the  specific  and  consumptions  of 
fuel  per  hour  increase. 

Reasons  leading  to  the  worsening  of  carburetion  can  be:  the 
drop  in  pressure  in  the  combustion  chamber  at  high  altitudes,  carbon 
formation  in  the  fuel  sprayers  and  their  obstruction,  maladjustment 
of  the  fuel  pump  and  so  on. 

4.  Maladjustment  of  the  engine  in  the  process  of  operation 
or  repair.  In  the  process  of  operation  and  repair  of  the  engine 
disruptions  in  systems  of  adjustment  of  its  subassemblies,  mechanisms, 
and  automatic  units  are  possible.  These  disruptions,  if  they  in 

due  time  are  not  revealed  and  not  removed,  can  lead  to  breakages 
and  damage  of  the  engine.  A  typical  example  of  "maladjustment" 
of  separate  subassemblies  .of  the  TRD  is  the  failure  of  the  mechanism 
of  control  of  the  variable-arc  Jet  nozzle  at  moment  of  fuel  feed 
into  the  afterburner  of  the  TRD.  As  a  result  of  the  jet  nozzle. 
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there  is  an  inadmissible  excess  in  temperatures  in  the  main  combus¬ 
tion  chamber,  surging  of  the  compressor  and  other  dangerous 
consequences. 

An  incorrect  selection  of  the  exhaust  section  of  the  standard 
Jet  nozzle  of  the  TRD  leads  to  similar  results. 

Another  example  of  the  disruption  of  adjustment  of  the  engine 
is  the  incorrect  setting  of  the  inlet  guide  vane  of  the  compressor, 
which  also  can  leqd  to  a  decrease  in  surging  reserve,  an  undesirable 
increase  in  gas  temperature  in  front  of  the  turbine  and  to  a  change 
in  thrust  and  fuel  consumption  of  the  engine.  The  maladjustment  of 
the  fuel  system  of  the  engine,  which  can  exclude  possibility  of 
normal  operation  of  the  engine  is  especially  dangerous. 

The  effect  of  separate  operational  factors  on  the  operation 
of  the  TRD  when  n  ■  const  is  illustrated  in  the  table  given  on 
Pig.  24.1. 

Let  us  examine  in  more  detail  the  action  of  separate  factors. 
The  change  in  external  pressure  does  not  have  an  effect  on  the 
rerime  of  operation  of  the  turbocompressor,  since  it  causes  a  pro¬ 
portions.!  change  in  pressure  along  the  whole  gas-air  channel  of  the 
TRD  without  a  change  in  the  temperature  fields.  As  a  result  the 
velocity  of  gas  outflow  from  the  nozzle  of  the  engine  and  specific 
fuel  consumption  maintain  constant  values,  and  the  mass  flow  of 
air  through  the  engine  changes,  which  proves  to  be  greater  the 
higher  the  external  pressure.  In  proportion  to  parameter  G  the 

D 

total  thrust  of  the  TRD  and  fuel  consumption  per  hour  change. 

A  change  in  T  leads  to  a  displacement  of  the  regime  point 

n 

of  the  compressor  along  LRR  (when  n  ■  const)  and  considerably 
changes  the  flow  of  air  and  specific  parameters  of  the  engine 
and  especially  intensively  -  total  thrust.  Temperature  with 
an  increase  in  JH  can  increase  or  decrease  -  due  to  effects  ir*Q 
on  Lh  (see  Pig.  12,1). 
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Fig.  24.1.  Effect  of  operational  factors  on  the  regime  of 
operation  and  parameters  of  the  TRD  (TRDF)  (n  =  const). 
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Fig.  24.1.  (Continued). 
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The  effect  of  losses  In  the  gas-air  channel  on  • ;  e  mr’iMct 
of  the  engine  ha;?  certain  peculiarities.  Thun,  for  Instance,  an 
Increase  In  losses  In  various  elements  of  lie  chrmnol  of’  ••xpnnslori 
(In  the  combustion  chamber,  turt  Ire,  after!  urner,  .let  no::ale)  lerrir. 
qualitatively  to  the  same  consequences  -  to  ai  excess  In  temporal  urn; 
In  front  of  the  turbine,  displacement  of  the  line  of  working.  regimes 
to  the  limit  of  surging,  and  worsening  of  economy  of  the  engine. 

The  thrust  of  the  engine  In  this  case  Increases. 

An  Increase  In  losses  at  the  entrance  into  the  mFD  dots  not 
affect  the  regime  of  operation  of  the  turbocompressor ,  !  ut  causes 
a  drop  in  flow  of  air  and  specific  and  total  thrust  and  a  worsening 
of  the  economy  of  the  engine. 

A  decrease  in  the  efficiency  of  the  compressor  (when  L  »  const) 

H 

also  leads  to  a  lcwcrlrp  of  thrust  and  to  an  Increase  In  specific 
fuel  consumption.  The  temperature  fields  of  the  TFP,  Just  as  in 
the  preceding  ease,  remain  constant. 

The  worsening  of  carburetion  in  the  combustion  chamber  always 
leads  to  a  lowering  of  combustion  efficiency,  and,  as  a  consequence, 
to  an  increase  in  specific  and  hour  fuel  consumption.  The  regime 
of  operation  of  the  engine  in  this  case  does  not  change;  the  thrust 
of  the  TRD  (to  within  the  magnitude  of  the  change  in  flow  of  gas) 
remains  constant. 


2U.2.  Limitation  of  Thrust  of  the  Turbojet  Engine 
at  Low  Temperatures  of  the 
furrounding  Atmosphere' 

The  question  of  the  effect  of  temperature  of  the  external 
atmosphere  on  the  thrust  of  the  aircraft  gas  turbine  has  special 
significance.  It  is  connected  with  the  considerable  deviation 
In  air  temperature  in  operation  from  its  standard  value  according 
to  the  International  Standard  Atmosphere  [ISA]  (MCA). 

Above  we  noted  that  the  reduction  of  T (for  example,  in 
winter)  leads  to  a  considerable  increase  in  the  thrust  of  the  TRD 
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or  power  of  the  turboprop  engine.  Zn  this  case  moments  and  forces 
in  elements  of  oonstruetlon  of  the  engine  and,  consequently, 
stresses  Increase  respectively.  Thus,  beginning  from  certain  values 
of  7h,  It  Is  necessary  from  considerations  of  strength  to  introduce 
the  thrust  limitation  of  the  engine.  It  is  carried  out,  for  example, 
by  means  of  preserving  constant  the  fuel  consumption  per  second  (hour) 
and  corresponding  lowering  of  the  number  of  revolutions  and  gas 
temperature  In  front  of  the  turbine.  Thus,  beginning  with  a  certain 
"temperature  of  limitation" 

rN<r«, 

the  thrust  (power)  of  the  gas  turbine  is  maintained  constant  or 
changes  little. 

At  an  air  temperature  greater  than  the  "temperature  of  limitation" 
(fH  >  f0Pp)»  a  drop  in  thrust  appears.  However,  a  considerable 
drop  in  thrust,  which  can  arise  at  high  values  of  Th,  Is  very 
disadvantageous  in  operation.  It  hampers  takeoff,  requires  the 
introduction  of  special  forcing  of  the  gas  turbine  either  with 
respect  to  the  number  of  revolutions  (which  lowers  the  service 
life  of  the  engine)  or  with  the  help  of  the  injection  of  a  water- 
r. i  i-.l  mixture  at  the  entrance  into  the  compressor  or  by  means 
of  the  afterburning  of  the  fuel  behind  the  turbine.  These  measures 
also  have  definite  limitations.  It  is  usually  important  to  maintain 
constant  thrust  up  to  tH  ■  +30°C  to  +^0°C,  and  then  it  is  possible 
to  allow  its  decrease. 

Figure  2*1. 2a  gives  the  dependence  of  thrust  of  a  ducted-fan 
engine  Rolls-Royce  "Spey"  on  the  change  in  temperature  of  the 
external  atmosphere  without  the  injection  of  a  water-methanol 
mixture  at  the  entrance  into  the  compressor  (curve  1)  and  with  the 
injection  of  this  mixture  (curve  2). 

The  injection  of  a  water-methanol  mixture  allows  maintaining 
the  thrust  constant  up  to  -tH  ■  +35°C  (A T  »  +12°C)  and  providing 
at  t  >  35°C  an  increase  in  thrust  by  9%, 


Pip.  2>\  .2.  Dependence  of  thruct  of  the  ducted- 
fan  enpine  Rolls-Royce  "Spey"  (a)  and  TPD  Rolls- 
Royce  "Avon"  (b)  on  the  temperature  of  the 
external  medium:  1  -  without  injection  of  a 
water-methanol  mixture;  2  -  with  injection  of  a 
water-methanol  mixture. 


In  the  turboprop  engine  "Tyne"  a  similar  injection  of  the  water- 
methanol  mixture  provides  an  increase  in  effective  power  up  to  ?&%. 

Figure  2t). 2b  shows  program  of  control  of  thrust  of  the  TRD 
Rolls-Royce  "Avon"  depending  on  external  temperature.  As  we  see, 
in  the  interval  of  temperatures  from  t  ■  -25°C  to  t  •  +15°0  the 
thrust  of  the  TRD  insignificantly  drops  (from  6350  to  5900  kpf, 
i.e.,  1%).  When  t  >  +15°C  the  thrust  decay  is  Intensified,  and 
it  is  not  compensated. 

Regularities  of  the  change  in  thrusts  given  on  Pig.  2l).2a  and 
b  are  model  programs  of  the  control  of  engines  accepted  by  the 
firm  Rolls-Royce. 

2l).3.  Effect  of  Humidity  of  the  Atmosphere  on  Parameters 
of  the  Aircraft  (.'as  Turbine 


Humidity  of  the  atmosphere  is  understood  as  the  content  of 
water  vapors  and  also  water  in  liquid  (rain)  and  solid  (snow,  ice) 
forms  in  the  atmosphere.  Since  the  humidity  of  the  atmosphere 
can  change  from  a  minimum  (dry  air)  to  a  maximum  (100%  humidity, 
when  the  atmosphere  contains  saturated  water  vapor),  then  it  Is 
important  to  know  how  it  affects  the  operation  and  basic  charac¬ 
teristics  of  the  aircraft  engine. 
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The  presence  of  water  vapors  In  air  Is  conveniently  evaluated 
as  »p$oifio  or  rulativ*  humidity  q,  understanding  by  It  the  quantity 
of  water  (of  water  vapors)  in  grans  which  is  contained  in  1  kg  of 
air.  The  magnitude  of  relatlvo  humidity  is  determined  basically  by 
air  temperature  and  also  pressure  of  the  atmosphere.  Numerous  tests 
of  engines  show  that  humidity  has  a  noticeable  effect  on  the  opera¬ 
tion  of  the  gas  turbine. 

The  physical  essence  of  the  effect  of  the  humidity  of  the 
atmosphere  or.  parameters  of  the  gas  turbine  is  expressed  in  terms 
of  a  change  in  gas  constant  of  the  air,  which  increases  with  an 
increase  in  q  0?H  0  •  47  kgf*m/kg*deg  in  comparison  with  ■  29.3 
kg f *m/kg* deg).  T^is  circumstance  leads  to  an  increase  in  the  thermal 
heat  capacity  of  the  air  and,  consequently,  an  increase  in  the 
efficiency  of  the  gas  and  Increase  in  effective  operation  of  the 
thermodynamic  cycle  (at  assigned  values  of  parameters  of  the 
operating  regime). 

As  a  result  the  velocity  of  outflow  of  the  gas  from  the  engine 
(proportional  to  )  and  also  specific  thrust  of  TRD  increases. 

On  the  other  hand,  the  presence  of  water  vapors  in  the  air 
lowers  itu  specific  weight.  The  latter  results  from  the  formula 


Thus  the  mass  flow  of  air  through  the  engine  drops  and  more 
intensively  than  the  specific  thrust  increases.  Consequently,  the 
increase  in  humidity  leads  to  thrust  decay  of  the  TRD. 

An  increase  in  the  thermal  heat  capacity  of  the  gas  has  as  its 
result  an  intensive  increase  in  hour  and  especially  specific  fuel 
consumptions.  The  increase  of  the  speed  of  sound  in  a  moist 
atmosphere  leads  to  an  increase  in  the  balanced  numbers  of  revolu¬ 
tions  of  the  engine  (while,  maintaining  the  similar  regime  of  the 
turbocompressor) . 


601 


Figure  2b. 3  given  curves  of  the  effect  of  humility  on  baric 
parameters  of  the  TRD  Rolls-Royce  "Avon”;  on  thin  figure  the  humidity 
of  the  engine  ehangon  from  the  standard  ( q  •*  0.01)  to  the  maximum 
(q  ■  0,065). 


Fig.  2b. 3.  Effect  of  air 
humidity  on  basic  param¬ 
eters  of  the  TRD  Rolls- 
Royce  "Avon." 


From  Fig.  2b. 3  and  also  on  the  basis  of  the  analysis  of  other 
data,  the  conclusion  can  be  made  that  at  the  worst,  as  a  result  of 


the  increase  in  the  humidity  on  a  hot  day  ( t  ■  +45°C)  the  following 

H 


occurs : 


a)  the  thrust  of  the  TRD  drops  0. 3-0.5$; 

b)  specific  fuel  consumption  increases  2. 1-2. 6%; 

c)  fuel  consumption  per  hour  increases  1. 8-2.1%. 


2*1.4.  Effect  of  Thrust  Reversing  on  the 
Operation  of  Turbojet  Engines 


The  continuous  increase  in  maximum  flight  speeds  of  transport 
aircraft  leads  to  an  increase  to  a  certain  degree  of  landing  speeds. 
This  circumstance  requires  the  realization  of  design  measures  with 
respect  to  deceleration  of  movement  of  the  aircraft,  which  allow 


decreasing  the  dlstanee  of  the  approach  of  the  aircraft  to  the 
airfield,  and  holding  before  the  landing  and  run  with  respect  to 
the  takeoff-landing  strip  after  the  landing.  The  purpose  of  these 
means,  as  the  final  result,  is  to  increase  the  safety  of  landing 
of  contemporary  aircraft. 

One  of  such  measures  is  the  use  of  so-called  thru$t  reverters. 
Newly  contemporary  created  transport  aircraft  must,  as  a  rule,  be 
equipped  with  a  thrust  reverser.  The  basic  purpose  of  the  thrust 
reverser  is  for  the  reduction  of  the  landing  run  of  the  aircraft 
after  landing. 

Besides  the  fulfillment  of  this  basic  function,  the  thrust 
reverser  additionally  provides: 

1)  fulfillment  of  landing  approach  without  the  lowering  of 
the  number  of  revolutions.  This  makes  it  possible  when  necessary 
to  restore  rapidly  positive  thrust  for  the  approach  to  the  second 
circle  (i.e.,  provide  the  safety  of  departure  to  the  second  circle); 

2)  emergency  interruption  of  flight,  emergency  extinguishing 
of  flight  speed; 

3)  increase  in  the  maneuverability  of  the  aircraft  when 
taxiing  on  the  ground  and  also  in  flight. 

The  principle  of  operation  of  the  thrust  reverser  is  evident 


Pig.  24. 4.  Thrust 
reverser:  a),  b) 
principle  of  operation; 
c)  hoop  type;  d)  lattice 
type . 


from  the  examination  of  Fig.  24.4a  and  b. 
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24.4.1.  Characteristics  of  Contemporary 
Thrust  Reversero 

Contemporary  thrust  reversers  allow  creating  negative  thrust 
during  landing  run  of  the  aircraft  equal  to  4 0—50^  of  the  maximum 
bench  thrust.  This  shortens  the  landing  run  by  40-60J5.1  Weight  of 
serial  thrust  reversers  is  about  10-12%  of  the  weight  of  the  engine. 

The  thrust  reversers  have  a  number  of  additional  requirements 
which  concern  their  apeed  of  reaponaa  (change  in  direction  thrust 
In  1-5  s),  reliability  of  operation  of  the  mechanism,  insignificant 
worsening  of  the  economy  of  the  engine  with  the  reverser  turned  off 
(by  not  more  than  1?5),  and  prevention  of  the  entrance  of  a  Jet  of 
hot  gases  with  reversing  into  the  euotion  intakes  of  the  engines. 

24.4.2.  Types  of  Thrust  Reversers 

For  thrust  reversing  reversers  of  predominantly  two  types 
are  used: 

1)  in  the  form  of  a  hoop  (see  Fig.  24,4c); 

2)  in  the  form  of  an  aerodynamic  lattice  (see  Fig.  24. 4d). 

In  the  first  case  special  hoops  deflect  a  Jet  of  gas  flowing 
from  the  engine  at  a  definite  angle.  Deviation  of  the  Jet  in  this 
case  practically  does  not  affect  the  regime  of  operation  of  the 
TRD.  In  the  second  case  the  Jet  of  gas  taken  from  the  turbine 
space  of  the  engine  is  deflected  and  led  off  outside  with  the 
help  of  special  aerodynamic  lattices.  In  this  case  thrust  reversing 
can  have  an  effect  on  the  operation  of  the  engine. 

With  deflection  of  the  gas  Jet  due  to  the  appearing  gas-dynamic 
and  hydraulic  losses,  the  velocity  of  outflow  is  lowered. 

‘The  reduction  of  landing  run  with  thrust  reversing  largely 
depends  on  the  condition  of  covering  of  the  takeoff  and  landing 
strip  (runway):  with  ice  on  the  runway  it  is  very  considerable, 
and  with  a  dry  runway  it  is  little. 
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2^.5.  Service  Life  and  Reliability  of  Aircraft 
flae-Turblne  Engines 


Operational  characteristics  of  aircraft  gas  turbines  are 
determined  not  only  by  economic  parameters,  regularities  of  the 
change  in  thrust  and  fuel  consumption  on  the  speed  and  altitude  of 
the  flight,  calorific  intensity  of  the  parts  characterized  by  the 
temperature  of  the  gas  in  the  "hot"  part  of  the  engine,  but  also 
by  the  service  life  and  reliability  of  the  engine. 

Sci'vioc  life  (period  of  service)  is  understood  as  the  accurcd 
operating  time,  i.e.,  the  total  time  of  reliable  operation  of  the 
engine  with  a  definite  correlation  between  basic  modes  of  engine: 
takeoff,  nominal  and  cruising.  Usually  in  the  takeoff  regime  it 
is  from  2  to  5%  and  in  the  nominal  regime  from  20  to  30%  of  the 
accrued  operating  time  of  the  engine. 

The  aeeured,  interrepair  and  general  teohninal  service  life 
are  distinguished. 

The  inter  repair  service  life  is  the  duration  of  reliable 
operation  of  a  new  or  repaired  engine  installed  on  the  basis  of 
i-iho-  it.->ry,  flying  and  other  forms  of  investigations,  operational 
tests  and  generalization  of  the  experience  of  mass  operation  and 
repair  of  the  engines.  After  the  finishing  of  the  interrepair 
service  life  the  engine  will  be  subject  to  repair. 

The  general  technical  service  life  is  the  total  duration  of 
reliable  operation  of  the  engine  up  to  such  a  degree  of  wear  at 
which  further  restoration  of  it  by  means  of  repair  is  economically 
inexpedient  or  technically  impossible.  After  the  finishing  of  the 
general  technical  service  life,  the  engine  will  be  subject  to 
withdrawal  (removal  from  operation). 

In  the  period  of  working  out  the  general  technical  service  life 
of  the  engine  there  can  be  produced  up  to  three  capital  repairs 
(overhauls) . 


605 


The  assured  service  llfo  of  the  engine  is  provided  and 
established  by  the  factories  ( firms )-ouppliors .  The  lnterrepaJr 
service  life  is  established  by  orgnnl nations  (airlines)  with 
respect  to  operation  of  the  aircraft.  The  latter,  depending  on  tfu 
specific  operating  conditions  at  the  given  airline,  change  the 
service,  increasing  or  lowering  it.  Thus,  for  Instance,  if  the 
airline  passes  through  tropical  countries  with  difficult  operatinr 
conditions  (for  example,  Cairo-Accra,  Alglero-Johannccburr) »  then 
the  portion  of  time  of  secured  operating  time  in  the  takeoff  regime, 
clue  to  great  thrust  decay  at  high  temperatur  a  of  the  surrounding 
air,  increases  with  respect  to  the  correspon  ling  accrued  operating, 
time  in  the  takeoff  regime  on  ether  airlines.  As  a  result  the 
service  life  of  operation  of  the  engine  is  decreased. 

The  greater  the  distance  of  the  line,  the  less  the  number  of 
takeoffs  in  operation  of  the  aircraft,  the  less  the  portion  of 
accured  operating  of  the  engine  In  the  takeoff  regime.  Ultimately, 
the  service  life  of  the  gas  turbine  increases. 

The  interrepair  service  life  of  gas-turbine  engines  is  determined 
basically  by  fatigue  phenomena  in  the  design  (in  turbine  and  com¬ 
pressor  blades,  etc.)  appearing  under  action  of  alternating  and 
vibratory  loads . 

During  recent  years  interrepair  service  lives  of  aircraft 
engines  established  by  the  aircraft  firms  and  airlines  sharply 
increased  and  for  various  types  of  gas  turbines  (turbojet,  turboprop 
and  turbofan)  consist  of  several  thousands  of  hours.  For  example, 
the  service  life  of  ducted-fan  engine  Rolls-Royce  "Conway”  consists 
of  8000  hours,  turboprop  engine  Rolls-Royce  "Dart"  -  6000  hours, 
ducted-fan  engine  Pratt-Whitney  JT3D-1  -  11,000  hours. 

However,  at  such  service  lives  of  foreign  gas  turbines  the 
Inspection  of  the  hot  part  of  the  engine  is  provided  with  the 
substitution  of  several  parts  after  the  finishing  of  approximately 
half  of  the  established  service  life. 
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In  recent  years  aircraft  companies  have  turned  to  an  estima¬ 
tion  of  service  life  according  to  the  actual  state  of  the  engine. 
This  requires  the  introduction  of  an  automatic  check  on  the  work  of 
the  engine,  and  this  allows  the  possibility  to  prevent  engine 
failures  in  flight  and  reduce  the  cost  of  their  technical  service. 

Figure  24. 5a  gives  curves  of  the  increase  in  the  service  life 
of  thrust  of  engines  of  the  firm  Rolls-Royce  "Dart,"  "Avon," 

"Tyne,"  "Conway"  RCo.12  and  RCo.42)  with  respect  to  years.  From 
these  curves  it  follows  that  the  establishment  of  the  interrepair 
service  life  at  2000  hours  for  contemporary  aircraft  gas  turbines 
occurs  during  two-three  years. 


1st  2nd  3rd  4th  5th  6th 
Duration  of  operation,  years 
b) 

Fig.  24.5,  Increase  in  service  life  of 
aircraft  gas  turbines  of  the  firm  Rolls' 
Royce  with  respect  to  years. 


The  increase  in  the  service  life  of  aircraft  engines  is  an 
Important  factor,  which  has  allowed  during  recent  years  reducing 
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sharply  the  amortization  expenditures  on  aircraft  engines  and, 
ultimately,  raising  the  economy  of  air  transportation. 

An  important  operations]  characteristic  of  aircraft  engines 
Is  their  reliability .  The  reliability  of  aircraft  gas  turbines  is 
determined  by  the  probability  of  their  failure  in  operation,  for 
example,  in  flight.  It  is  characterized  by  the  number  of  produced 
hours  for  one  premature  removal  of  the  engine  from  the  aircraft 
in  operation  (or  for  one  failure  in  flight)  or  the  reciprocal  - 
the  quantity  of  engines  taken  from  the  aircraft  before  the  appointed 
time  (or  engines  which  failed  in  flight),  which  amounts  to  1000 
hours  of  their  accured  operating  time. 

Figure  24. 5b  shows  that  the  service  life  of  the  ducted-fan 
engine  "Conway"  RCo.12  in  8000  hours  (curve  1)  was  reached  in  six 
years  of  operation  (initial  service  life  was  about  800  hours). 

Curve  3  shows  the  increase  in  service  life  of  the  engine  without 
an  inspection  of  the  hot  part  (toward  the  end  of  the  sixty  year  i 1 
reached  ^5000  hours).  During  these  years  the  cost  per  hour  of  all 
parts  (including  the  thrust  reverser)  was  brought  down  by  almost 
C0%  (curve  2). 

The  number  of  premature  removals  of  the  engine  "Conway"  RCo.12 
was  sharply  brought  down  during  the  first  two  years  of  its  operation, 
and  then  it  was  stabilized.  At  present  K-j.000  *  0.1-0. 2  (curve  4). 

The  most  reliable  aircraft  gas  turbine  at  present  is  the  engine 
AI-20K  for  which  =  0.05. 

24.6.  Tapping  of  Compressed  Air  (Gas) 
from  Aircraft  Gas  Turbines 


The  further  development  of  aviation  to  a  certain  extent  is 
connected  with  the  creation  of  aircraft  with  perfected  aerodynamics 
and  also  with  vertical  flight  and  landing.  In  the  solution  of 
this  problem  a  large  role  is  played  by  the  rational  use  of  energy 
of  gas-turbine  engines  either  in  the  form  of  power  of  the  free 
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turbine  or  In  the  form  of  a  pulse  of  a  certain  mass  of  air  (gas) 
of  Increased  pressure  tapped  from  the  engine  and  fed  to  the  user 
along  special  communications. 

The  tapping  of  compressed  air  or  exhaust  gases  possessing  a 
surplus  pressure,  in  comparison  with  the  power  takeoff  of  the  free 
turbine,  possesses  advantages  of  the  greatest  flexibility  of 
control,  the  best  transportable  state,  simplicity  of  design,  and  the 
possibility  of  a  multipurpose  use. 

The  users  of  compressed  air  (gas)  on  the  aircraft  are: 

1)  control  system  of  the  boundary  layer  on  the  wing  (blowing, 
suction)  for  the  increase  in  a  (takeoff,  landing)  and  decrease 

a 

in  c  (cruising  regime  of  flight); 

2)  the  system  of  stabilization  and  control  of  the  aircraft 
in  regimes  of  hovering  and  transition  with  vertical  (shortened) 
takeoff  and  landing  (jet  and  gas  controls,  nose  turbofan,  etc.); 

3)  the  system  of  lift  turbofan  and  ejector  thrust  intensifiers . 

Aerodynamic  methods  of  the  increase  in  a  and  decrease  in  a 

y  x 

and  also  methods  of  the  creation  of  vertical  thrust  can  require 
a  considerable  tapping  of  compressed  air  (gas)  -  15-30&  and  more. 

24.6.1.  Classification  of  Methods  of  the  Tapping 
of  Compressed  Air  (Gas)  from 
Gas-Turbine  Engines 

There  are  various  methods  of  tapping  the  working  medium  from 
aircraft  gas-turbine  engines  (Pig.  24.6).  These  include  the  tapping 
of  compressed  air  from  the  compressor1  and  also  the  tapping  of 
hot  compressed  gas  from  the  turbine  of  the  engine. 


‘"The  tapping  from  the  compressor  (of  the  turbine)"  denotes 
briefly:  "Tapping  at  the  exit  from  the  compressor  (of  the  turbine)." 
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Fig.  2^.6.  Classification  of  methods  of  the  tapping  of  compressed 
air  from  gas-turbine  engines. 

When  the  tapping  of  compressed  air  is  produced  from  the  com¬ 
pressor  of  the  basic  circuit  of  the  TRD,  turboprop  engine  and 
ducted- fan  engine  without  the  use  of  special  complex  control,  the 
regime  of  operation  of  the  engine  changes  -  with  an  increase  in  the 
tapping  of  air  to  the  user  the  compression  degree  of  the  compressor 
drops,  and  the  efficiency  of  compressor  and  turbine  is  lowered. 

This  always  intensifies  the  drop  in  thrust  of  the  engine  and  makes 
its  economy  worse. 

To  maintain  the  regime  of  the  turbocompressor  constant,  and 
also  to  Insure  a  constant  value  of  gas  temperature  in  front  of  the 
turbine,  special  methods  of  control  of  the  gas  turbine  must  be  used. 
For  example,  in  the  TRD  it  is  necessary  for  this  purpose  to  regulate 
the  Jet  nozzle  and  nozzle  box  assembly  of  the  turbine. 

In  those  cases  when  the  tapping  of  compressed  air  is  carried 
cut  from  the  compressor  of  the  secondary  circuit  of  the  ducted-fan 
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engine,  it  proves  to  be  possible  comparatively  simply  to  maintain 
the  regime  of  the  operation  of  the  engine  constant.  In  this  case 
the  drop  in  thrust  in  the  second  circuit  of  the  ducted-fan  engine 
is  determined  only  by  the  quantity  of  tapped  air;  the  specific 
thrust  of  the  engine  with  such  a  tapping  remains  constant. 

One  should  also  keep  in  mind  the  circumstance  that  the  tapping 
of  compressed  air  from  the  first  circuit  of  the  ducted-fan  engine 
is  usually  connected  with  an  increase  in  the  gas  temperature  in 
front  of  the  turbine.  The  tapping  of  air  from  the  second  circuit 
most  frequently  leads  to  a  certain  decrease  in  T^. 

The  tapping  of  hot  gas  from  the  turbine  space  of  the  TPD  has 
found  well-known  use  on  VTOL  aircraft  because  of  its  design  simplicity. 
With  this  method  it  is  also  possible  (with  the  help  of  a  simple 
system  of  control)  to  maintain  the  mode  of  the  turbocompressor  of 
the  engine  constant.  At  the  same  time,  such  a  method  requires  the 
use  of  special  materials  for  gas  communications  of  the  control 
system  of  the  boundary  layer  (UPS)  and  stabilization  and  complicates 
the  flying  operation  of  the  aircraft. 

When  the  sustainer  engine  is  a  ducted-fan  engine  with  a  mixing 
chamber,  the  tapping  of  the  mixture  of  gases  to  the  user  is  of  great 
practical  interest.  The  merit  of  this  method  is  relatively  low 
value  of  the  mixture,  which  the  lower  it  is,  the  higher  the  bypass 
ratio. 

The  tapping  of  compressed  air  or  hot  gas  from  a  sustainer  or 
lift  engine  for  technical  purposes  (i.e.,  when  the  tapped  working 
medium  is  not  used  for  the  creation  of  additional  thrust)  always 
leads  to  a  thrust  loss  in  the  power  unit,  which  worsens  the  energy 
balance  of  the  aircraft.  Therefore,  in  certain  cases  the  use  of 
special  generators  of  compressed  air  (QSV),  the  single  purpose  of 
which  is  to  supply  the  VTOL  aircraft  with  compressed  air,  is 
expedient.  The  generator  of  compressed  air  is  a  ducted-fan 
engine  of  the  lightened  type  which  creates  no  thrust,  the  free 
turbine  of  which  drives  the  fan. 
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Utilization  of  the  GSV,  just  as  the  direct  tapping  of  com¬ 
pressed  air  from  the  powerplant  of  the  aircraft,  increases  the. 
takeoff  weight  of  the  aircraft  and  lowers  its  relative  commercial 
load . 


In  order  that  the  utilization  of  GSV  would  prove  to  be  economi¬ 
cally  expedient,  the  generator  of  compressed  air  must  be  made  of 
lightened  construction  (for  example,  according  to  the  type  accepted 
In  the  engine  Rolls-Royce  RB.162),  keeping  in  mind  here  the  brevity 
of  its  operation. 

Furthermore,  the  GSV  must  be  selected  at  the  optimum  dimension 
for  providing  low  specific  weight.  Number  of  the  GSV  must  be  not 
less  than  two  for  providing  reliable  takeoff  and  landing  of  the 
aircraft . 


2H.6. 2.  Basic  Methods  of  the  Tapping  of  Compressed 
Air  from  the  Compressor  of  the  TRD 
and  Programs  of  Control 
of  the  Engine 

The  following  methods  of  the  tapping  of  air  from  the  compressor 
of  the  TRD  are  distinguished: 

1)  the  tapping  of  compressed  air  from  the  compressor  with 
fixed  geometry  of  the  engine  (fixed  position  of  control  elements) 
and  constant  number  of  revolutions 

(/.  “const  and  «np~const); 

2)  tapping  of  air  from  the  compressor  with  fixed  gas  tempera¬ 
ture  in  front  of  the  turbine  and  constant  number  of  revolutions 

(«„— const  and  rj^const); 

3)  tapping  of  air  from  the  compressor  at  a  constant  gas 
temperature  in  front  of  the  turbine  and  fixed  geometry  of  the  engine 

tr;=const  and  ft— const); 
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)  tapping  of  air  with  constant  regime  of  the  compressor. 


Tapping  of  air  when  =  const  and  =  const  turns  the 

original  TRD  (in  the  calculated  regime)  into  a  TRD(O);  air  bleed 

is  connected  with  the  continuous  increase  in  the  gas  temperature 

in  front  of  the  turbine  necessary  for  compensation  of  the  relative 

decrease  in  flow  of  gas  through  the  turbine.  The  compression  ratio 

of  the  compressor  in  this  case  is  usually  lowered,  since  an  increase 

in  the  tapping  of  the  air  is  equivalent  to  the  opening  of  the 

mechanical  throttle,  as  a  result  of  which  the  counterpressure  at 

the  exit  from  the  compressor  drops;  in  other  words,  the  regime 

point  of  the  compressor  is  moved  along  the  inclined  or  vertical 

pressure  characteristic  ( n  =  const).  Such  a  method  of  control 

np 

of  the  engine,  while  being  very  sample  for  realization,  is  per¬ 
missible  only  when  in  the  original  regime  of  operation  of  the 
engine  (without  tapping)  the  value  of  is  less  than  the  maximum 
permissible. 

With  the  considered  method  of  tapping  the  drop  in  pressures 
of  the  gas  in  the  turbine  is  preserved  constant  in  the  supercritical 
area  of  outflow  from  the  Jet  nozzle;  when,  with  an  increase  in  the 
i upping,  the  velocity  of  outflow  from  the  Jet  nozzle  becomes  subsonic 
(q(X^)  <  1)  the  pressure  differential  in  the  turbine  begins  to  drop. 

The  air  bleed  when  n  *  const  and  T*  -  const  is  carried  out 

np  j 

by  means  of  a  continuous  opening  of  the  Jet  nozzle,  i.e.,  an  increase 
in  the  critical  section  of  the  Laval  nozzle  or  of  exhaust  section 
of  the  standard  (converging)  Jet  nozzle.  Thus,  the  necessary 
Increase  in  the  operation  of  the  turbine  (for  ensuring  drive  of  the 
compressor)  is  carried  out  by  means  of  an  increase  in  the  pressure 
differential  in  it  (i.e.,  increase  In  tt*).  It  is  obvious  that  the 
limiting  opening  of  the  Jet  nozzle  is  limited,  on  one  hand,  by  the 
external  diameter  of  the  exhaust  section  of  the  diffuser  [when 
Pi;  <  (P$  *  ph^3  and>  on  the  other  hand,  by  the  maximum  permissible 
number  M(A)  behind  the  turbine  at  which  its  "blocking"  with  respect 
to  the  operation  approaches. 


Air  bleed  when  T*  ■  const  and  ■  const  is  carried  out  by 
means  of  throttling  of  the  engine.  It  is  known  that  with  a  lowering 
of  the  number  of  revolutions  of  the  TRD  the  gas  temperature  In  front 
of  the  turbine  drops  over  a  wide  range  of  numbers  of  revolutions. 

Thus  it  proves  to  be  possible  in  reduced  regimes  of  the  engine  to 
accomplish  tapping  of  the  air  with  the  help  of  the  Increase  in 
gas  temperature  in  front  of  the  turbine  up  to  its  original  value 
in  the  calculated  regime. 

Tapping  of  the  air  with  a  combined  program  of  control  wl  en 
n  =  var  and  =  var  is  possible  also. 

The  general  regularity  for  all  programs  of  control  of  the 
engine  with  air  tapping  is  the  drop  in  thrust  and  increase  in 
specific  fuel  consumption.  It  is  obvious  that  the  optimum  program 
of  control  is  that  program  which  at  the  assigned  magnitude  of 
air  tapping  provides  the  least  values  of  the  drop  in  thrust  and 
increase  in  specific  fuel  consumption  or  that  which  at  the  assigned 
thrust  decay  guarantees  a  large  tapping  of  air  of  the  assigned 
pressure . 

Methods  of  air  tapping  examined  above  were  connected  with  the 
change  in  the  regime  of  operation  of  the  compressor  of  the  tapping 
circuit.  The  general  deficiency  of  these  methods  is  the  decompres¬ 
sion  of  the  air  with  an  increase  in  the  tapped  mass,  and  also  the 
worsening  efficiency  of  the  compressor  and  turbine,1  dron  in  specific 
thrust,  and  worsening  of  the  economy  3f  the  engine  accompanying  it. 

The  optimum  method  of  tapping  is  such  a  method  at  which  the 
regime  of  operation  of  the  turbocompressor  of  the  circuit  of  air 
tapping  remains  constant. 


*The  drop  in  n*  takes  place  with  a  considerable  change  in  axial 

velocity  along  the  turbine  and  also  with  a  sharp  deviation  in  the 
value  of  from  the  calculated  value. 
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In  order  that  the  tapping  of  air  would  not  affect  the  operation 
oT  the  turhocompressor  and  would  not  be  accompanied  by  a  worsening 
of  the  operation  of  the  powerplant,  It  is  necessary  that  the  engine 
have  a  constant  circuit  of  tapping  (without  the  turbine)  used  in 
the  calculated  regime  an  a  necond  circuit  or  thrur.t.  Tn  other 
wordn,  the  original  engine  should  be  the  TRD(O)  (u*  ■  it*).  'f’hen 

K  I  I  HI 

with  air  tapping  r or  technical  purponen  the  control  element  of  the 
engine  must  maintain  the  counterpresaure  at  the  exit,  or  the  com¬ 
pressor  constant.  In  other  words,  with  air  tapping  the  iota!  gar. 

Plow  through  the  compressor  must  remain  constant,  but  the  "tapped" 
air  now  will  no  longer  take  part  in  the  creation  or  thrur.t  of  the 
engine. 

In  the  case  of  the  TRD(O)  with  a  program  of  control  n*  *  const 
and  w  *  const,  the  tapped  air  will  have  the  highest  and,  moreover, 
constant  pressure  in  the  whole  range  of  the  flows  tapped. 

There  are  still  other  methods  of  air  bleed  while  maintaining 
the  constant  regime  of  operation  of  the  compressor  of  the  TRD.  These 
include  the  control  of  the  jet  nozzle  (RRS),  control  of  the  nozzle 
box  assembly  of  turbines  (RSA)  and  their  combination.  These  methods 
arc  examined  below  in  detail. 

24.6. 3.  Comparison  of  Effectiveness  of  Various  Methods 
of  the  Tapping  of  Compressed  Air 
in  the  Turbojet  Engine 

Let  us  make  a  comparison  of  the  effectiveness  (with  respect 
to  the  relative  thrust  decay  A R  and  relative  increase  in  specific 
fuel  consumption  ACyfl)  of  three  basic  methods  of  the  tapping  of  com¬ 
pressed  air  from  the  compressor  of  a  TRD: 

1)  / jj  ■  const  and  nnp  ■  const  (r^  ■  var); 

2)  «np  «  const  and  Tjj  ■  const  ■  var); 

3)  T ^  ■  const  and  ■  const  (nnp  ■  var) 
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in  reference  to  the  same  engine  for  the 
calculated  mode:  ^(p)  *  1300°K; 


following  gas  parameters  in 
B  7;  mMp)  =  °’5  (Flfr>  2h-7)' 


Fig.  24.7.  Comparison  of  the  effectiveness  of 
three  methods  of  the  tapping  of  compressed  air. 


The  greatest  drop  in  the  thrust  of  the  TRD  takes  place  with 
air  tapping  acco ’ding  to  the  program  T*  ■  const  and  =  const. 

A  somewhat  less  t.irust  decay  (AF  *  0.15  when  8  =  0.1)  characterizes 
the  program  «np  *  const  and  T*  ■  const.  A  considerably  less  lowering 
of  the  thrust  (AF  «  0.09  when  0  ■  0.1)  is  noted  in  the  program 
*  const  and  *  const  when  the  tapping  of  air  leads  to  a 
continuous  increase  in  the  gas  temperature  in  front  of  the  turbine 
(Fig.  24.8).  In  this  case  a  10?  air  bleed  leads  to  an  increase  In 
absolute  gas  temperature  of  84°  (Fjj  ■  1.065). 

As  regards  the  specific  fuel  consumption,  in  a  wide  range 
of  air  bleeds  (8  <  0.3)  the  least  economic,  in  accordance  with  the 
increase  in  T\ j,  proves  to  be  the  program  ■  const  and  *  const 
(when  8  ■  0.1  we  have  AC  *  0.13);  the  remaining  programs  are 
approximately  equivalent  and  with  10?  air  bleed  cause  an  increase 
in  the  specific  fuel  consumption  of  approximately  10?. 
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Pig.  2^.8.  Effect  of  air 

tapping  on  the  increase  in 

gas  temperature  in  front  of 

the  turbine  (method 

>1  =  const  and  =  const), 

np  5 


24.6.^.  Effect  of  Bypass  Ratio  on  the  Effectiveness 
of  Air  Tapping  from  the  First  Circuit 
of  the  Ducted-Pan  Engine 


When  compressed  air  of  very  high  pressure  is  necessary,  the 
tapping  of  it  is  produced  from  the  first  circuit  of  the  ducted-fan 
engine . 


Let  us  examine  the  effect  of  the  bypass  ratio  on  the  effective¬ 
ness  of  air  tapping  from  the  first  circuit  of  the  ducted-fan  engine. 
Let  us  assume  that  the  increase  in  y  occurs  on  the  condition  that 
T*  =*  const  and  ttJJj  ■  const  and  also  with  the  observance  of  quality 
tt  T  *  if  Tt  *  It  is  easy  to  conclude  that  the  increase  in  y  leads 
to  a  continuous  and  progressing  lowering  of  the  drop  in  pressures 
in  Jet  nozzles  (and,  consequently,  specific  thrust)  and  to  an 
increase  in  the  total  drop  in  pressures  on  the  turbine.  Thus, 
air  tapping  from  the  first  circuit  of  the  ducted-fan  engine  is 
accompanied  by  a  considerably  sharper  drop  in  thrust  and  increase 
in  0^^  than  for  the  TRD,  and  the  more  intensively  it  occurs,  the 
more  the  value  of  y.  Together  with  this,  in  the  ducted-fan  engine 
it  is  considerably  earlier,  i.e.,  at  less  values  of  the  coefficient 
of  tapping  8,  "blocking"  of  the  turbine  with  respect  to  the  operation 
(the  more  the  original  value  the  faster  the  number 

increases  with  air  tapping).  This,  in  turn,  limits  the  maximum 
tapping  of  air  from  the  ducted-fan  engine. 
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and  als 


Figure  24.9  gives  the  effect  of  $  and  y  on  R,  (7  , 

M^,  on  the  condition  that:  r3(p)  =  1300°K;  =  7.0;  Mi( a ^ 

If  in  the  ducted-fan  engine  when  y  =  0.6,  3^  =  0.04  we  have  R  = 

then  in  the  ducted-fan  engine  when  y  =  1  and  3^  =  0 . 0^1  we  liave 

R  =  0.87,  and  with  y  -  2  and  3^.  =  0.04  we  have  R  =  0.776.  Corn 

spondingly  8„ov  is  equal  to  0.21,  0.15  and  0.08, 
max 


Fig.  24.9.  Effect  of  the  tapping  of  compressed  air 
from  the  first  circuit  of  the  ducted-fan  engine  on 
parameters  of  the  engine. 


The  air  bleed  from  the  second  circuit  in  any  quantity  causer, 
no  special  difficulties.  However,  the  pulse  of  it  with  throttling 
of  the  ducted-fan  engine  sharply  drops,  and  in  prelanding  flight 
regimes  it  becomes  insignificantly  small. 

24.6.5.  Comparison  of  Effectiveness  of  the  Tapping 
of  Compressed  Air  (Qas)  of  Various  Types 
of  Aircraft  Gas  Turbines 

Figure  24.10  gives  a  comparison  of  the  regularity  of  thrust 
(power)  decay  in  aircraft  gas  turbines  of  various  types  with  the 


Fig.  24.10.  Thrust 
(power)  decay  of  aircraft 
gas  turbines  of  various 
types  with  the  tapping 
of  compressed  air  (gas). 


The  most  intensive  drop  in  thrust  is  noted  in  the  ducted-fan 
engine  (y  ■  1.0)  with  air  tapping  from  the  first  circuit  (for 
6  *  0.1  we  have  R  ■  0.64).  Then  there  follows  the  turboprop  engine 
(when  3  ■  0.1  we  have  N  •  0.78).  Further  there  is  the  TRD  with 
air  tapping  (when  3  ■  0.1  we  have  R  -  0.84),  and  the  TRD  with  gas 
tapping  behind  the  turbine  (when  3  ■  0.1  the  thrust  drops  10$). 

The  least  drop  in  thrust  occurs  with  air  tapping  from  the  second 
circuit  of  the  ducted-fan  engine  (when  3  *  0.1  we  have  R  *  0.92). 


tapping  of  compressed  air  (gas) 
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CHAPTER  25 

CHARACTERISTICS  OF  AIRCRAFT  GAS  TURBINES  WITH 
RESPECT  TO  THE  LEVEL  OF  NOISE 

Decreasing  of  t lie  noise  in  contemporary  aircraft  gas-turbine 
engines  is  one  of  the  serious  problems  of  civil  aviation. 

The  mass  development  of  air  transport  and  an  increase  in  power 
of  powerplants  of  contemporary  aircraft  lead  to  the  fact  that  the 
number  of  persons  which  suffer  from  noise  has  sharply  increased. 

Not  only  are  the  crew  and  passengers  of  aircraft  on  the  ground  and 
in  the  air  affected  by  aircraft  noise,  but  also  service  personnel 
in  the  zone  of  the  airports  and  the  largest  group  -  the  population 
of  neighboring  regions. 

Noise  prevents  the  normal  working  activity  of  man,  causing 
premature  fatigue  and  the  lowering  of  work  productivity;  noise 
prevents  the  normal  rest  of  man  and  causes  various  nervous  illnesses. 

The  problem  of  combatting  aircraft  noise  becomes  so  acute  that 
governments  of  various  countries  have  been  forced  to  introduce 
special  rigid  limitations  on  the  operation  of  aircraft  with  respect 
to  time  and  direction  of  the  flight  and  permissible  noise  level 
and  fine  airline  companies  which  exceed  the  permissible  noise 
standards.  Table  25.1  gives  levels  of  various  noises  (in  dB). 
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Table  25.1.  Levels  of  various  noises  In  dB. 


Character  and  source  of  noises 

Level  of 
noise  In  dB 

Threshold  of  audibility 

0-10 

Rustle  of  foliage,  noise  of  slight  wind 

10-20 

Whisper  of  average  loudness  at  a  distance 
of  1  m 

20-30 

Quiet  h a b 1  table  room 

30 

Light  radio  music  In  an  apartment  or  habitable 
room 

40 

Restaurant  of  average  animation,  an 
establishment 

50 

Street  of  average  animation,  noisy  establish¬ 
ment  or  store 

60 

Range  of  the  loudness  of  speech 

45-70 

Music  through  a  loudspeaker 

70-80 

T  ruck 

80 

Moscow  subway  (metallic  turbines) 

90 

Loud  automobile  signal  at  a  distance  of 

5-7  m 

100 

Train  express,  high  speed 

110 

Jet  engines  with  a  total  thrust  of  4500  kgf 
at  a  distance  of  9  m  In  noisiest  direction: 

turbojet  engine 

140 

turbojet  engine  with  boost 

150 

solid-propellant  rocket  engine 

155 

supersonic  propeller 

136 

Threshold  of  painful  sensation 

140 

Mechanical  damages 

160 

25.1.  Noise  Source  of  the  Gas-Turbine  Engine 

The  gas-turbine  engine  has  a  number  of  sources  of  noise.  The 
main  source  is  the  high-speed  gas  Jet  flowing  from  the  Jet  nozzle. 
This  Jet,  in  mixing  with  the  surrounding  medium,  creates  intensive 
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turbulent  pulsations,  and  at  supercritical  outflow  -  a  system  of 
shocks,1  which  are  powerful  noise  generators. 

At  low  velocities  and  altitudes  of  flight  corresponding  to 
regimes  of  takeoff  and  climb  of  aircraft,  drops  in  pressures  in  the 
jet  nozzle,  as  a  rule,  are  insufficient  for  the  appearance  of 
powerful  shock  waves.  Consequently,  on  takeoff  the  level  of  noise 
of  the  outflowing  Jet  is  basically  determined  by  turbulent  pulsations. 
At  high-altitude  and  high-speed  cruising  flight  regime  the  intensive 
noise  can  be  produced  by  fluctuating  shock  waves  and  by  their 
interaction  with  the  turbulent  pulsations. 

Cascade  eddy  formations  in  which  the  kinetic  energy  of  the  Jet 
is  dispersed,  in  passing  into  heat,  generate  oscillations  of 
pressure,  which  are  sources  of  sound  (noise).  The  turbulent  mixing 
of  the  Jet  with  the  surrounding  medium  covers  an  area  the  axial 
length  of  which  is  equal  to  15-25  diameters  of  the  nozzle.  In 
this  area  (Pig.  25.1)  practically  the  entire  noise  of  the  jet  flowing 
from  the  engine  is  generated. 


Fig.  25.1.  Diagram 
of  a  free  turbulent 
jet. 


Another  powerful  noise  source  is  the  revolving  rotor  of  the 
compressor  or  fan,  and  also  the  interaction  of  the  blade  of  the 
rotor  and  stator.  Around  each  blade  a  field  of  pressures  appears. 
If  the  circumferential  velocity  of  the  blade  is  great,  then  the 
fields  of  pressures  will  be  generated  through  the  intake  of  the 
compressor  in  the  free  space  in  the  form  of  a  wave  with  Increasing 
intensity . 


^ith  incomplete  expansion  of  the  gas,  for  example,  in  the 
converging  nozzle. 
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The  level  of  noise  of  the  compressor  (fan)  is  usually  lower 
than  the  level  of  noise  of  the  jet  flowing  from  the  engine,  tut  It 
Is  characterized  by  high-frequency  oscillations  of  pressure  - 
"whistle,"  which  proves  to  be  a  most  unfavorable  physiological 
effect  on  man. 

The  third  source  of  noise  in  the  turboprop  engine  Is  the 
revolving  propeller.  The  aerodynamic  noise  of  tractor  and  lift 
propellers  consists  of  vortical  noiee ,  induced  by  periodically 
separating  vertices  with  the  flowing  around  of  the  blade  by  a 
viscous  medium,  and  noiee  of  rotation ,  being  generated  by  pulsations 
of  pressures  and  velocity  near  the  plane  marked  by  the  propeller. 
These  pulsations  are  connected  with  the  displacement  of  air  by 
the  blades  and  the  formation  of  pressure  differentials  on  both  sides 
of  the  blade. 

The  more  the  noise  level  of  the  propeller,  the  more  the  M 
number  on  the  end  of  the  blade,  the  less  the  number  of  blades  of 
the  propeller,  and  the  more  the  power  applied  to  the  propeller. 

In  normal  operation  of  the  gas  turbine  the  apoearance  of  noise 
is  connected  also  with  irregular  turbulent  combustion.  However, 
this  noise  is  completely  disguised  by  the  noise  of  the  outflowing 
Jet. 


In  certain  cases,  especially  with  finishing  of  afterburners, 
there  appears  a  special  form  of  pulsating  of  combustion  -  the 
so-called  "resonant"  combustion.  The  latter  is  accompanied  by  a 
sharp  sound  -  "shriek"  -  similar  to  the  sound  of  an  organ  pipe. 

25.2.  Estimation  of  the  Level  of  Noise 
of  an  Outflowing  Jet 

In  accordance  with  the  experimentally  proven  theory  of  Lighthill, 
the  acoustic  power  of  the  noise  of  an  outflowing  subsonic  free 
turbulent  Jet  is  determined  by  formula 
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where  d ts  -  diameter  of  exhaust  section  of  the  jet  nozzle;  or)»  - 
density  and  velocity  of  outflowing  gas;  p  ,  a  -  density  of  the 
surrounding  medium  and  speed  of  sound  in  it;  K  -  proportionality 
factor  determined  experimentally. 

Thus,  the  power  of  noise  is  basically  determined  by  the  velocity 
of  outflow  of  gas  and  is  proportional  to  its  magnitude  in  the  eighth 
power . 

Used  in  technology  as  the  basic  characteristic  of  noise  is  the 
parameter  of  the  level  of  force  of  sound  (noise)  L : 

Z.=*10 lR-~-  «JB.  (25.2) 

where  I  -  force  of  sound  (noise)  on  the  surface  of  the  hemisphere 
of  radius  r,  in  the  center  of  which  the  noise  source  is  found. 


IQ  -  force  of  sound  on  the  threshold  of  audibility. 

Thus,  the  noise  level,  depending  on  the  velocity  of  gas  outflow, 
is  graphically  depicted  by  a  logarithmic  curve  of  the  type 

Z.=801gc,+  I0M,  (25.3) 

where 

A=*f(,ds,  os.  r...). 

The  dependence  of  the  noise  level  of  certain  contemporary  turbo¬ 
jet  engines  (with  a  thrust  of  H  *  5000  kgf)  on  the  velocity  of  gas 
outflow  from  the  nozzle  obtained  according  to  experimental  data  is 
given  in  Fig.  25.2. 
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Levels  of  noise  of  several  serial  and  engines  being 
designed  with  operation  of  them  in  bench  conditions 
in  the  takeoff  regime  and  at  a  distance  cf  250  n 


Fig.  25.2.  Effect  of  the  velocity  of  out¬ 
flow  from  the  jet  nozzle  of  the  TRD  (DTF.D) 
on  the  noise  level. 


The  possible  distinctions  in  density  and,  consequently,  in 
temperature  of  the  outflowing  jet,  at  the  assigned  velocity  of 
outflow  give  oscillations  of  noise  intensity  of  about  2-3  dB.  From 
Fig.  25.2  it  follows  that  if  at  a  distance  of  250  m  from  the  aircraft 
a  one-circuit  subsonic  TRD  when  a ^  *  600  m/s  has  a  noise  level  of 
118  dB,  then  the  ducted-fan  TRD  when  oc  »  36 0  m/s  has  a  noise  level 
of  103  dB,  i.e,,  15  dB  lower.  Correspondingly  the  forced  TRD  have 
at  the  velocity  of  outflow  720  m/s,  a  noise  level  of  124-125  dB. 

The  reaction  of  man  to  noise  depends  not  only  on  the  physical 
noise  level  determined  by  the  sound  pressure  in  dB  with  respect 
to  the  method  described  above,  but  also  on  a  whole  series  of  factors, 
including  the  frequency  characteristic  (of  the  spectrum)  of  the 
noise,  duration,  monotony  or  shock  nature  of  the  action,  and  so  on. 

As  a  result  of  the  conducting  of  special  experiments  with  the 
participation  of  a  large  number  of  people,  at  present  there  is  being 
introduced  a  new  method  of  the  estimation  of  noisiness  with  the 
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help  of  the  noise  -  a  unit  of  perceived  noise  designated  PS  dB.1 

One  noise  is  equal  to  the  noisiness  of  an  octave  range  of 
600-1200l 2  Hz  of  an  arbitrary  noise  at  the  level  of  sound  pressure 
at  40  dB. 

A  change  in  frequency  of  the  noise  leads  to  a  change  in  the 
level  of  perceived  noise.  Figure  25.3  gives  the  dependence  of 
noisiness  in  noises  on  the  level  of  sound  pressure  in  one  octave.  ( 

The  higher  the  frequency  of  the  noise,  the  more  the  oerceived  level 
of  noise  in  noises. 


Level  of  sound  pressure 


Fig.  25.3.  Dependence  of  noisiness  in 
noises  on  the  level  of  sound  pressure  in  one 
octave . 


Figure  25.4  gives  spectrum  of  noise  audible  on  the  ground  from 
a  DC-8  aircraft  flying  at  an  altitude  of  800  m.  With  the  help  of 


lPN  -  perceived  noise. 

2 Range  of  greatest  sensitivity  of  the  ear. 
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Pig.  25.4.  Spectrum  of 
noise  of  the  DC-8  air¬ 
craft  with  one-circuit 
and  ducted-fan  engines. 


such  spectrum  it  is  possible  to  calculate  the  integral  level  of 
noise  in  dB  and  in  PN  dB  (totaling  acoustic  power  in  the  whole 
frequency  range).  When  the  aircraft  is  equipped  with  a  one-circuit 
TRD  Pratt-Whitney  JT  3C-6,  the  total  level  of  noise  produced  by 
it  is  110  dB,  and  the  perceived  noise  is  120  PN  dB;  in  the  same 
aircraft  with  a  ducted  fan  TRD  Pratt-Whitney  JT  3D-1  noise  levels 
are  respectively  equal  to  10*1  dB  and  114.5  PN  dB. 

The  processing  of  experimental  data  shows  that  the  level  of 
perceived  noise  of  a  Jet,  as  a  rule,  exceeds  by  8-10  dB  the  level 
of  sound  pressure. 


37.5  73  ISO  3M  600  ItOO  HOO  *000 
73  ISO  300  $00  ItOO  2*00  *6009600  dB 


25.3.  Methods  of  Lowering  of  Level  of  Noise 

There  are  various  methods  for  lowering  the  noise  level.  These 
include: 

1)  the  use  of  special  noise  suppressors  of  the  Jet  stream, 
including  ejector-type  noise  suppressors; 

2)  rational  mutual  disposition  of  engines  on  a  multiengened 
aircraft; 

3)  the  use  of  engines  with  reduced  velocity  of  the  outflowing 
Jet  (ducted-fan  engine); 

4)  the  use  of  acoustic  lattices  (barriers)  in  air  inlets  of 
the  engines  or  aircraft; 
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5)  rational  selection  of  the  profile  of  takeoff  of  the 
aircraft,  which  decreases  noise  in  the  locality. 

25.3.1.  Use  of  Moise  Suppressors 

The  principle  of  the  design  of  noise-reducing  nozzles  is  based 
on  splitting  of  one  powerful  Jet  outgoing  from  the  engine  into  many 
small  jets.  The  acoustic  interference  (interaction)  between  zones 
of  mixing  of  divided  jets  leads  to  a  lowering  of  the  total  level  of 
their  noire. 

Mechanical  noise-suppressors  (noise-reducing  nozzles)  have 
different  geometrical  configuration  and  design  (tubular,  lobe, 
lobe  with  a  central  body,  corrugated  nozzle,  nozzle  with  ejector, 
etc.)  (Fig.  25.5).  Such  noise  suppressors,  as  a  rule,  are  equipped 
on  the  one-circuit  TRD  (Rolls-Royce  "Avon,"  Pratt-Whitney  JT  3C-6 
and  others ) . 


Fig.  25.5.  Mechanical 
noise  suppressor. 


The  operating  experience  of  noise  suppressors  during  a  number 
of  years  has  showed  that  with  its  help  the  sound  level  of  the 
exhaust  jet  of  a  TRD  can  be  reduced  by  approximately  3-5  dB.  Only 
the  use  of  more  complex  corrugated  nozzles  with  an  ejector  allows 
decreasing  the  sound  level  12-15  dB. 

The  deficiencies  caused  by  the  installation  of  noise-reducing 
nozzles  are:  the  increase  in  weight  of  the  powerplant  (2-3$), 
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the  lowering  of  thrust  of  the  engine  (2-4$),  increase  in  external 
drag  of  the  engine  nacelle  (as  a  result  of  the  increase  of  wake 
drag),  and  the  worsening  of  the  economy  of  the  engine. 

In  selecting  rationally  the  configuration  of  the  noise-reducing 
nozzle,  it  is  possible  also  to  obtain  the  displacement  of  acoustic 
energy  in  the  zone  of  high-frequency  oscillations.  Such  noise, 
as  is  known,  rapidly  attenuates  at  great  distances  from  the  nozzle. 

On  the  whole,  one  should  note  that  a  satisfactory  solution  to 
the  problem  of  noise  reduction  by  means  of  mechanical  nozzles  has 
thus  far  not  been  found. 

25.3.2.  Rational  Location  of  Engines  on  the  Aircraft 

The  packet  disposition  (in  one  plane)  of  a  series  of  engines 
makes  it  possible  to  reduce  considerably  the  level  of  noise  generated 
by  the  powerplant,  The  effect  of  the  lowering  of  the  level  of  noise 
is  explained  by  the  acoustic  screening  and  interaction  of  zones  of 
mixing  of  the  Jets. 

iiie  substitution  of  one  powerful  engine  by  a  series  of  engines 
(of  equal  total  thrust)  can  reduce  by  5-15  dB  the  total  level  of 
noise. 


25.3.3.  Use  of  Ducted-Pan  Turbojet 
and  Turbofan  Engines 


25.3.3.1.  Effect  of  the  Bypass 
Ratio  of  the  Ducted-Fan  Engine 
on  the  Level  of  Noise. 

An  increase  in  the  bypass  ratio  with  fixed  parameters  of  the 
working  process  of  the  "original”  TRD  leads  to  a  continuous  lowering 
of  velocities  of  outflow  from  the  circuits  and,  consequently,  to 
a  lowering  of  the  level  of  noise. 
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Figure  25.6  shows  the  effect  of  the  bypass  ratio  y  on  the 
velocity  of  outflow  of  gas  from  the  ducted-fan  engine  at  optimum 
distribution  of  energy.  Taken  as  the  original  TRI)  is  an  engine 
with  a  velocity  of  outflow  or  =  600  m/s.  With  an  increase  in  y 
the  average  velocity  of  outflow  of  the  gas  is  continuously  decreased 


when  y  =  0 .  . 
when  y  =1.0 
when  y  =2.0 
when  y  =6.0 


oc  =  600  m/s 
5 

a-.  =  400  m/s 
5 

O'.  =  320  m/s 
oc  =  200  m/s 


Fig.  25.6.  Effect  of 
the  bypass  ratio  y  on 
average  velocity  of 
outflow  of  gas  from 
the  ducted- fan  engine. 


the  bypass  ratio  y  and  tempera¬ 
ture  of  the  gas  in  front  of  the  turbine  on  the  relative  noise  level 
of  the  ducted-fan  engine.  We  see  that  an  increase  in  y  from  zero 
to  1.5  lowers  the  noise  level  by  20  dB.  At  the  same  time  the 
lowering  of  T*  from  1350°K  to  1200°K  (i.e.,  150°)  decreases  the 
noise  level  by  only  5-7  dB. 


Figure  25.7  shows  the  effect  of 


Fig.  25.7.  Effect  of  the 
bypass  ratio  y  and  gas 
temperature  in  front  of 
the  turbine  on  the  lower¬ 
ing  of  the  noise  level  Al¬ 
in  the  ducted-fan  engine. 
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From  the  viewpoint  of  providing  an  allowable  noise  level  of 
the  engine  and  lowering  the  operational  expenditures,  it  is  expedient 
over  a  long  range  of  flight  to  use  low-temperature  ducted-fan  engines 
with  a  high  bypass  ratio  without  any  additional  devices  which  decrease 
the  noise  level.  In  comparison  with  the  TRD ,  this  provides  a  con¬ 
siderable  economic  effect  and  practically  resolves  the  problem  of 
combatting  noise. 

The  mixing  of  flows  in  the  nonboosted  ducted-fan  engine 
additionally  lowers  the  noise  level  (by  3-^  dB)  as  a  result  of  the 
equalizing  of  the  profile  of  velocities  in  the  exhaust  jet 
(Fig.  25.8). 


Fig.  25.8.  Effect  of  the 
mixing  of  flows  in  the 
ducted-fan  engine  on  the 
noise  level:  1  -  without 
mixing  of  the  flows;  2  - 
with  mixing  of  the  flows. 


ooo*<s*  Effect  of  the  Bypass 
Ratio  on  the  Noise  Spectrum. 


An  increase  in  the  bypass  ratio  leads  not  only  to  a  lowering 
of  the  noise  level,  but  also  changes  the  frequency  characteristic 
of  the  spectrum  of  noise,  shifting  the  maximum  of  its  levels  into 
the  region  of  low-frequency  oscillations.  Thus,  the  same  level  of 
noise  will  subjectively  be  perceived  by  the  human  ear  as  a  weaker 
sound  (noise). 


Figure  25.9  shows  curves  of  the  spectra  of  noise  created  by 
the  TRD  General  Electric  CJ  805-3  without  a  noise  suppressor  and 
with  a  noise  suppressor  and  also  a  TRD  with  a  rear  turbofan  adapter  - 
General  Electric  CJ  805-23.  As  we  see,  in  the  region  of  high- 
frequency  oscillations  the  engine  CJ  805-23  has  the  lowest  sound 
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Pig.  25.9.  Curves  of  noise  spectra  of 
the  TRD  and  ducted-fan  engine:  1  -  TRD 
General  Electric  CJ  805-3  without  a  noise 
suppressor;  2  -  TRD  General  Electric 
CJ  805-3  with  a  noise  suppressor;  3  - 
ducted-fan  engine  General  Electric 
Hz  CJ  805-23. 


level  (10  dB  lower  than  that  of  the  TRD  CJ  805-3  with  a  noise 
suppressor).  This  advantages  proves  to  be  very  considerable  if  one 
considers  that  the  use  of  the  turbofan  adapter  increases  the  takeoff 
thrust  of  the  engine  by  35-^0$. 


25.3.3.3.  Comparison  of  Noise  Levels 
of  a  Lift  Turbofan  and  Compressor. 


The  use  of  wing  lift  turbofans  (PTV)  with  very  low  velocities 
of  the  outflow  of  gas  (air)  from  the  circuits  at  large  values  of 
y  makes  it  possible  very  considerably  to  lower  the  sound  level. 
This  is  clearly  shown  on  Fig.  25.10,  from  which  it  follows  that 
when  =  180-200  m/s  the  noise  level  of  the  outflowing  jet  of  gas 
from  the  PTV  does  not  exceed  105-107  dB. 


Fig.  25.10.  Comparative 
curves  of  the  level  of 
noise  produced  by  an 
outflowing  jet  of  gas 
and  by  the  compressor 
of  a  ducted-fan  engine. 


A  further  deceleration  of  the  outflow  from  the  PTV,  conditioned 
by  the  tendency  to  decrease  the  noise  level  even  more,  is  no  longer 
justified  as  a  result  of  limitations  applied  by  the  compressor  of 


the  engine  and  fan  of  the  PTV.  Actually,  considerations  of  the 
decrease  in  the  dimensions  and  weight  of  the  engine  force  designers 
to  use  compressor  and  fan  stages  with  a  high  axial  velocity  at  the 
inlet,  reaching  up  to  200  m/s  and  more.  Thus,  the  noise  level  at 
100-105  dB,  determined  by  the  "whistle"  of  the  compressor  (fan), 
apparently,  is  now  the  lower  limit  of  noise  of  the  contemporary 
ducted-fan  engine,  which  in  the  future  should  be  decreased  even 
more . 


25. 3. 3.4.  Effect  of  Throttling  of 
Ducted-Fan  Turbojet  Engines  on  the 
Noise  Level  Produced  by  Them. 


Figure  25.11  gives  graphs  of  the  measured  noise  level  of  four 
TRD  (ducted- fan  engine)  of  equivalent  thrust  with  different  values 
of  the  bypass  ratio  (0,  0.9,  1.3  and  6)  obtained  with  throttling 
of  the  engine.  These  graphs  characterize  the  noise  levels  caused  by 
the  three  main  noise  sources  in  the  engine:  Jet  stream  (R.S), 
turbine  (T)  and  fan  of  the  second  circuit  (V). 


I960  .  1970 


/<•’  vib  PN  iB  PN  dB  PN dB 


Fig.  25.11.  Effect  of  throttling  of  the  ducted 
fan  engine  on  elements  of  the  noise  level  pro¬ 
duced  by  it  (according  to  data  of  firm  Rolls- 
Royce):  [V](B)  -  fan;  [T](T)  -  turbine; 

[R.S] (P . C )  -  jet  nozzle  (Jet  stream);  [Sh] (UJ)  - 
noise  suppressor. 


When  y  =  0  and  with  total  load  of  the  engine  (R  ■  100$)  the 
noise  of  the  jet  stream  of  the  TRD  proves  to  be  predominant  (128  dB). 
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It  can  be  reduced  down  to  118  dB,  having  used  a  mechanical  noise 
suppressor,  which  completely  muffles  the  noise  of  the  turbine, 
reaching  in  the  TRD  a  relatively  high  value  (113  dB). 

With  an  increase  in  the  bypass  ratio  (from  zero  to  6)  in  the 
process  of  maximum  load,  noise  of  the  jet  stream  is  sharply  lowered 
(from  128  to  100  dB).  The  noise  of  the  turbine  in  this  case  is  also 
lowered  but  considerably  more  slowly.  Thus,  when  y  =  6  the  noise 
level  of  a  revolving  turbine  already  exceeds  the  noise  level  of  the 
jet  stream. 

With  an  increase  in  the  bypass  ratio  noise  of  the  fan  sharply 
increases,  which,  beginning  from  y  =  1.1-1. 2,  becomes  the 
predominant.  When  y  =  6  the  noise  of  the  two-stage  fan  equipped  with 
a  guide  vane,  reaches  a  very  high  level  of  124  dB.  Having  used  a 
single-stage  fan  (without  guide  and  aligning  vanes  which  create 
acoustic  resonance),  it  is  possible  to  reduce  the  noise  level  down 
to  IOC  dB.  Approximately  such  level  of  noise  is  measured  in  three- 
shaft  ducted-fan  engine  Rolls-Royce  RB.211.  It  Is  considerably 
lower  than  that  in  any  of  the  ducted-fan  TRD  known  at  present. 

With  throttling  of  the  engine  the  noise  level  of  the  jet  stream 
and,  to  a  lesser  extent,  the  noise  of  the  fan  and  turbine  are  sharply 
lowered.  Thus,  beginning  with  y  >  1.0,  in  regimes  of  moderate 
throttling  of  the  engine  the  predominating  noise  proves  to  be  the 
noise  of  the  fan.  It  is  characteristic  that  in  a  "pure"  TRD  and  in 
a  ducted-fan  engine  with  a  high  bypass  ratio  (y  =  6)  with  great 
throttling  ( R  <  40$)  the  predominant  noise  becomes  the  noise  of  the 
turbine  (^100  dB). 

Figure  25.12  gives  directional  diagrams  of  noises  being  caused 
by  various  elements  of  the  TRD  (ducted-fan  engine)  in  the  takeoff 
regime  of  engines  with  various  values  of  the  bypass  ratio. 

It  is  characteristic  that  the  fan,  depending  on  the  length  of 
inlet  or  exit  channel  and  place  of  installation,  can  radiate  noise 
both  in  the  direction  of  the  front  and  rear  hemisphere. 
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(Fan  without  guide 
vanes ) 


Pig.  25.12.  Directional  diagrams  of 
noises  being  caused  by  various  elements 
of  the  TRD  in  the  takeoff  regime  at 
various  values  of  y. 


25.3.**.  Use  of  Acoustic  Lattices 

It  is  possible  to  prevent  the  propagation  of  noise  of  the  com¬ 
pressor  (fan)  in  a  surrounding  medium,  if  we  in  air  intake  arrange 
acoustic  traps  or  lattices,  which  will  either  dampen  the  acoustic 
energy  of  the  revolving  rotor  or  will  not  let  sound  oscillations 
pass  upward  along  the  inlet  flow.  Such  devices,  according  to  foreign 
r-pov-t,  ^  are  used  on  the  ducted-fan  engine  Pratt-Whitney  JT  8D-1. 

25.3*5.  Rational  Selection  of  Takeoff  Profile 
of  an  Aircraft  Which  Decreases  the  Noise 
over  a  Locality 

On  the  basis  of  the  study  of  noise  with  the  flight  of  a  high¬ 
speed  passenger  aircraft,  a  rule  was  made  that  the  maximum  level  of 
perceived  noise  under  an  aircraft  in  the  region  of  habitable  areas 
at  a  distance  of  5-6  km  from  the  beginning  of  the  takeoff  and 
landing  strip  of  the  airfield  (runway)  does  not  exceed  a  certain 
permissible  limit.  The  limit  in  the  USA  is  set  for  the  day  standard 
at  112  dB  and  night  -  104  dB. 

By  the  rational  selection  of  the  takeoff  profile  of  the 
aircraft  it  is  possible  to  provide  observance  of  these  standards 
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in  the  limit  of  the  airfield  even  with  an  insufficiency  of  noise- 
suppression  means. 


Figure  25.13  shows  various  trajectories  of  takeoff  of  a 
passenger  aircraft  of  the  type  Tu-104  with  engines  RD-3M  and  the 
change  in  noise  level  under  these  trajectories. 


Fig.  25.13.  Effect  of  takeoff  trajectory 
of  an  aircraft  on  the  noise  level  at 
the  control  point  (according  to  data  of 
B.  N.  Mel'nikov). 


With  a  sloping  takeoff  (curve  1-2-3)  with  acceleration  up  to 
a  speed  of  V  =  400  km/h  at  point  2  (H  -  100  m;  L  =  2.8  km;  n  =  4700 
r/min;  R  -  9.5  T)  the  engines  transfer  to  a  cruising  regime  of 
operation  (n  =  4100  r/min;  R  -  6  T,  line  2-2');  in  this  case  with 
flight  over  the  control  point  (point  3,  H  =  180  m)  the  noise  level 
is  116  dB  (which  exceeds  the  permissible  sound  level  of  112  dB). 

If,  however,  a  climb  is  made  at  a  steep  angle  on  takeoff  up 
to  an  altitude  of  300  m,  and  then  at  point  4  (H  =  300  in;  L  -  4.5  km) 
the  engines  change  to  a  cruising  regime  of  operation  (line  4-4') 
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and  acceleration  of  the  aircraft  up  to  V  «  3**0  km/h  is  accomplished, 
then  with  flight  over  the  control  point  (point  5*  H  *  3*<0  m)  the 
noise  level  will  be  only  108  dB.  The  trajectory  l-*l-5  has  the 
designation  of  low-noise. 

One  should  note  that  of  the  two  methods  of  throttling  of  the 
engine  (decrease  in  revolution  number  when  «  const  and  opening 
of  the  Jet  nozzle  when  n  ■  const)  the  second  is  more  preverable: 
with  equal  lowering  of  thrust  it  is  characterized  by  a  lower  noise 
level  of  the  outflowing  gas  Jet  (Pig.  25.1*0. 


Pig.  25.1*1.  Compari¬ 
son  of  two  methods  of 
throttling  of  thrust 
of  the  TRD  on  the 
noise  level. 


k 
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CHAPTER 


26 


TECHNICAL-ECONOMIC  CHARACTERISTICS 
OP  AIRCRAFT  GAS  TURBINES 


26.1.  Criteria  of  the  Estimate  of  Technical-Economic 
Effectiveness  of  Aircraft  Gas  Turbines 


Various  criteria  of  the  estimate  of  the  technical-economic 
effectiveness  of  aircraft  gas-turbine  engines  are  known.  These 
include  particular  engine  criteria  such  as,  for  instance: 

1)  specific  fuel  consumption  C  ,  kg/(kgf*h); 

jr 

2)  specific  weight  of  the  engine  y  ,  kg/kgf; 

3)  relative  frontal  drag  of  the  engine  nacelle,  or  the  ratio 
to  internal  thrust  of  the  gas  turbine  to  its  effective  thrust,  Kj, ; 

4)  service  life  of  the  engine  t,  h. 

These  include  also  total  criteria  which  determine  the  effective¬ 
ness  of  the  engine  installed  on  the  aircraft: 

5)  relative  weight  of  the  powerplant  and  fuel  system  £  .  ; 

c • y tt  •  c 

6)  operational  expenditures,  i.e.,  the  cost  of  transportation 
of  a  ton-kilometer  of  load  a',  kopecks/(t *km) . 

The  cost  of  passenger  transportation  is  an  important  criterion 
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which  determines  the  economic  profitableness  of  operation  of  the 
aircraft  with  the  given  engine;  it  is  a  function  of  the  particular 
engine  criteria  of  effectiveness  noted  above. 

Let  us  examine  more  specifically  certain  of  the  criteria  noted 
above  and  the  effect  of  various  factors  on  them. 

26.2.  Specific  Weight  of  Aircraft  Gas  Turbines 

The  specific  weight  of  an  aircraft  engine  is  an  important 
operational  factor,  which  to  a  certain  extent  determines  the 
technical-economic  effectiveness  of  its  operation. 

The  specific  weight  of  contemporary  aircraft  gas  turbines 
depends  on  many  factors,  which  include,  in  the  first  place,  the 
dimensionality  of  the  engine  (i.e.,  magnitude  of  its  thrust), 
compression  ratio  of  the  compressor  determining  the  design  com¬ 
plexity  of  the  engine  and  its  dimensional  length  (number  of  stages 
of  the  compressor  and  turbine,  number  of  supports,  need  of  adjustment 
and  so  on) ,  temperature  of  gas  in  front  of  the  turbine  conditioning 
the  need  of  cooling  of  blades  of  the  turbine,  bypass  ratio, 
technole--’'\al  effectiveness  and  design  perfection  of  the  engine. 

26.2.1.  Effect  of  the  Magnitude  of  Thrust 

With  a  decrease  in  the  linear  dimension  (L)  of  geometrically 
similar  engines,1  the  thrust  of  them  is  lowered  proportionally  to 
the  square  and  the  weight  of  the  engine  -  in  proportion  to  the  cube 
of  the  linear  dimension,  i.e.. 


G,~L*\ 

Out  £*, 


(26.1) 

(26.2) 


‘That  is,  engines  having  the  same  thermodynamic  cycle,  and, 
consequently,  identical  specific  thrusts. 
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Consequently,  the  specific  weight  of  geometrically  similar  THD 
changes  in  proportion  to  the  linear  dimension  of  the  engine,  i.e., 

U— ^  (26.3) 

or  in  proportion  to  the  square  root  of  the  thrust,  i.e., 

V,.  -  (26.4) 

This  means  that  with  a  decrease  in  thrust  the  specific  weight 
of  the  TRD  would  be  continuously  and  rapidly  decreased.  However, 
practice  of  designing  the  TRD  shows  that,  beginning  from  a  certain 
optimum  thrust,  a  further  decrease  in  the  dimensions  of  the  engine 
no  longer  leads  to  a  lowering  of  its  weight.  This  occurs  because 
it  proves  to  be  impossible  to  decrease  infinitely  dimensions  of  units 
of  the  engine  (for  example,  the  fuel  pump);  also  it  is  impossible 
to  decrease  infinitely  the  thickness  of  walls  of  the  parts  (disks, 
etc.)  due  to  considerations  of  the  disturbance  of  rigidity  of  the 
design.  Thus,  a  continuous  decrease  in  the  thrust  will  not  be 
accompanied  by  a  progressive  lowering  of  the  weight.  The  weight 
of  the  engine  in  practice  can  not  even  be  decreased.  But  this  will 
now  lead  to  an  increase  in  epeaifia  weight  of  the  engine,  i.e.,  to 
a  fundamental  deviation  from  the  theoretical  law  of  the  change  in 
specific  weight  (26.4). 

For  the  TRD  the  optimum  value  of  thrust  at  which  y  „  =  y  . „ 

flB  min 

is  1200-1800  kgf . 

Figure  26.1  gives  the  real  dependence 

Ya» =/(£). 

constructed  according  to  statistical  data  for  engines  with  approxi¬ 
mately  identical  parameters  of  the  working  process  and  with  similar 
gas-dynamic  and  design  schemes.  We  see  that  in  the  region  of  gas 
turbines  of  small  dimensions  the  lowering  of  thrust  sharply  increases 
the  specific  weight. 
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Name  of  engine 


% 


I 


BMW-8026 

Bristol -Siddeley  "Palouste" 

Fiat-4004 

Turbomeoa,  "Marbore"-6 

MoDonnel  MD-30 

Arastrong-Siddeley  ASV-11 

Armstrong-Slddeley  ASV-20 

General  Eleotrio  CJ  610-1 

Bristol-Slddeley  BS.209 

Pratt-Whitney  JT  12A-6 

SNECMA/Bristol -Siddeley  "Mars"  M.45-A 

Bristol  B0r-3 

Bristol  BOr-12 

SNECMA  ATAR  8 

Rolls-Royce  "Oyron"  D0J-10R 
Rolls-Royce  RB.146R 


Fig.  26.1.  Effect  of  dimensionality  of  the  engine 
(thrust)  on  the  specific  weight  of  the  TRD. 


i 

I 


26.2.2.  Effect  of  Compression  Ratio  of  the  Compressor 

1 

With  an  increase  in  the  compression  ratio  of  the  compressor 
with  constant  thrust  the  length  and  weight  of  the  engine  increase, 
and,  consequently,  the  specific  weight  of  the  gas  turbine  increases 

(W.  26.2). 


Fig.  26.2.  Effect  of 
parameters  of  the  working 
process  on  specific 
weight  of  the  TRD. 

r 


In  the  region  of  low  compression  ratios  (tt*  <  4-5)  a  further 

K 

decrease  in  irj  leads  to  an  increase  in  the  specific  weight  of  the 
engine,  since,  on  the  one  hand,  the  specific  thrust  of  the  gas 
turbine  rapidly  drops,  and  on  the  other  hand  the  necessary  length 
of  the  combustion  chamber  (determined  from  the  condition  of  providing 
complete  and  stable  combustion  in  the  cruising  regime  of  flight) 
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Increases.  The  latter  leads  to  an  increase  in  the  distance  between 
supports  of  the  turbocompressor  and,  consequently,  to  the  increase 
in  dimensional  length  and  weight  of  the  engine. 

The  passage  from  a  single-shaft  design  of  the  gas  turbine  to 
double  shaft  with  an  increase  in  it*,  and  then  to  a  three-shaft 

K 

design,  must  lead  to  a  spasmodic  increase  in  the  specific  weight  of 
the  engine.  Meanwhile  the  analysis  of  the  experience  of  the  develop¬ 
ment  of  foreign  and  Soviet  gas  turbines  shows  that  the  increase  in 
ir*  in  recent  years  did  not  lead  to  an  increase  in  v  ,  but  conversely, 

K  \QB 

is  accompanied  by  a  lowering  of  the  specific  weight.  The  latter  is 
explained  by  the  general  progress  of  technology  of  the  aircraft 
engine  construction,  specifically,  the  widespread  introduction  into 
the  design  of  the  engine  of  light  construction  materials  and  alloys 
(for  example,  titanium),  an  increase  in  pressure  state  of  stages  of 
the  compressor,  the  use  in  progressive  technology,  which  allowed 
reducing  the  vibratory  loads  of  strained  subassemblies  and  parts  of 
the  engine  and  thus  decreasing  their  weight. 

26.2.3.  Effect  of  Gas  Temperature  In  Front  of  Turbine 

With  an  increase  in  T*  when  Ft  =  const  the  specific  thrust  of 
the  gas  turbine  increases,  as  a  result  of  which  the  specific  weight 
of  the  engine  is  decreased  (see  Fig.  26.2).  However,  this  occurs 
only  up  to  the  achievement  of  a  definite  level  of  temperature  Tt, 
beginning  from  which  to  provide  reliable  operation  of  the  engine 
there  must  be  introduced  cooling  in  the  beginning  of  nozzle  and  then 
rotor  blades  of  the  gas  turbine.  The  higher  the  gas  temperature  T *, 
the  more  it  is  necessary  to  use  ever  more  effective  methods  of 
cooling  of  the  blades  (for  example,  air,  evaporative,  liquid,  porous); 
but  in  connection  with  this  costs  for  cooling,  specifically,  in  the 
form  of  the  complication  of  design  and  additional  weight  of  the  engine 
will  increase.  Experience  in  the  development  of  aircraft  gas  turbines 
abroad  shows  that  even  the  short-term  increase  in  T ^  up  to  values 
of  1500-1550°K  on  aircraft  requires  the  introduction  of  special 
cooling. 
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26. 2.4.  Effect  of  the  Bypass  Ratio 
of  the  Ducted-Pan  Engine 


An  increase  in  the  bypass  ratio  in  sustainer  engines  with  the 
assigned  gas  generator,  i.e.,  with  the  assigned  internal  circuit, 
Initially  leads  to  a  lowering  of  specific  weight  of  the  engine. 

This  is  explained  by  the  fact  that  with  an  increase  in  y  the  thrust 
of  the  ducted-fan  engine  increases  faster  than  the  addition  in  weight 
conditioned  by  an  increase  in  dimensions  of  the  turbofan  (front 
or  rear  turbofan  adapter).  Only  at  large  values  of  y  does  there 
appear  an  increase  in  specific  weight  of  the  engine.  Thus,  curve 
y  ■  f(y)  (Pig.  26.3a)  has  a  minimum,  which  is  determined  by  the 

B 

correlation  of  weights  of  the  gas  generator  and  adapter. 


a)  b) 


Fig.  26.3.  Effect  of  the 
bypass  ratio  on  specific 
weight:  a)  sustainer  TRD; 
b)  lift  TRD. 


Tf,  however,  an  increase  in  the  bypass  ratio  is  accomplished 

with  a  constant  thrust  of  the  ducted-fan  engine,  then  the  regularity 

of  the  change  in  y  with  respect  to  y  is  determined  also  by  how 

A 

much  the  dimensions  of  the  internal  circuit  deviate  from  the  optimum 
(/?opt(Tp£)  *  1200-1800  kgf).  For  example,  at  this  thrust  passage 
to  the  ducted-fan  engine  will  continuously  increase  the  specific 
weight  of  the  engine.  With  a  thrust  of  18-20  t  the  introduction 
of  the  second  circuit  to  values  of  y  *  6-10  will  lower  the  specific 
weight  of  the  engine.  The  specific  weight  of  these  ducted-fan 
engines  (Pratt-Whitney  JT  9D-1;  Rolls-Royce  RB.211;  General  Electric 
TF  39)  will  not  exceed  0.175-0.180  kg/kgf. 


Plotted  on  Fig.  26.4  is  semiempirical  curve  of  the  effect  of 
y  on  parameter  A  «  G  /G  which  is  the  weight  of  ducted-fan  engine 

B  L 

per  air  flow  of  1  kg/s.  For  the  majority  of  contemporary 
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g.  26. b.  Effect  of  the  bypass  ratio  or.  parameter  A  on  the  weight  of 
ducted-fan  engine. 


double  shaft  ducted-fan  engines  of  average  and  high  thrusts,  with 
high  values  of  irJJ  ■  12-20,  statistical  values  A  are  well  approxi¬ 
mated  by  the  curve  given  on  Pig.  26.4. 

/ 

The  creation  of  a  new  class  of  ducted-fan  engines  of  the 
"second  generation"  is  connected  with  the  increase  in  weight  perfec¬ 
tion  of  the  engines  and  with  a  further  lowering  of  the  parameter  A 
at  a  given  magnitude  y . 

Figure  26.3b  shows  the  regularity  of  the  change  in  specific 
weight  of  a  lift  ducted-fan  engine  from  the  bypass  ratio.  Investi¬ 
gations  and  experience  of  the  creation  of  lift  engines  Rolls-Royce 
RB.162  and  Rolls-Royce  RB.175  show  that  with  the  increase  in  y  the 
specific  weight  of  the  ducted-fan  engine  somewhat  increases.  When 
j/  =  2  it  exceeds  the  specific  weight  of  TRD  by  5-10?.  An  increase 
in  Ynn  of  the  lift  engine  with  an  increase  in  y  is  explained  by  the 
fact  that  with  a  "super-light"  gas  generator  the  addition  in  weight 
from  the  turbofan  adapter  proves  to  be  more  considerable  than  the 
increase  in  thrust  of  the  engine. 

26.3.  Relative  Drag  of  the  Engine  Nacelle 

With  an  increase  in  the  external  diameter  and,  consequently, 
midsection  of  the  engine,  the  frontal  drag  of  the  engine  nacelle 
increases,  and  the  ratio  of  the  latter  to  the  total  drag  of  the 
aircraft  in  flight: 


^  Xr,t 

*jr  ^«H  *=  '^cmnj.r. 


(26.5) 


The  more  the  relative  drag  of  the  engine  nacelle,  the  greater 
the  ratio  of  Kj.  of  internal  thrust  of  the  gas  turbine  to  the 
effective  thrust,  where 


(26.6) 
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effective 


Here  i?gH  -  internal  thrust  of  a  jet  engine;  - 
thrust  of  a  jet  engine;  -  drag  of  a  glider. 

The  coefficient  Kj.  is  inversely  proportional  to  the  effective 
quality  of  the  aircraft: 


ATtu  4* 
Xn» 


(26.7) 


With  an  increase  in  Kj, 
weight  of  the  engine,  equal 


there  is  an  increase  in  effective  specific 
to 


Y«*/.  (26.8) 

*»♦ 

and  effective  specific  fuel  consumption 

Cy,(,»  -  3600  -  A-  =  C1kKf.  (26.9) 

The  relative  drag  of  the  engine  nacelle  at  fixed  values  H,  M  , 
Xi(B)  and  depends  only  on  ox^r  and  on  specific  thrust  of 

the  engine: 


CJt  (r.*> 

’ 


where  A  *  const. 

Consequently,  with  fixed  parameters  of  the  gas  generator 
(Ti|,  ttJJ^)  with  an  increase  in  the  bypass  ratio  (i.e.,  with  a  lowering 
of  specific  thrust),  the  relative  drag  of  the  engine  nacelle  con¬ 
tinuously  increases;  correspondingly  increases. 

Figure  26.5  gives  the  dependence  of  7  on  Jf  for  different 

r  •  yfl 

Cx(r.fl) • 

Experimental  scavengings  of  shortened  engine  nacelles  (ducted- 
fan  engine)  conducted  in  wind  tunnels  at  large  values  of  y  (y  =  5-10) 
show  that  by  the  rational  shaping  of  inlet  and  exit  parts  of  engine 
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Fig.  26,5.  Effect  of  the  bypass  ratio  on  frontal 
drag  of  the  engine  nacelle. 


raceller,  ir.  combination  with  the  blowing  or  suction  of  the  boundary 

layer  it  is  possible  to  reduce  considerably  the  coefficient  a  ,  s 

x(,r  .flj 

In  this  case  the  product  ox(r  R)Sr  with  an  increase  in  y  can 
remain  practically  constant. 


At  subsonic  flight  speeds  (Mq  *  C.8;  H  ■  11  km)  the  standard 
engine  nacelle  (ex(rA)  -  0.04-0.09)  have  the  magnitude  Kf  ■  1.05-1.08. 


26.4.  Specific  Weight  of  the  Powerplant  and  Fuel  System 


The  important  total  parameter  characterizing  the  economy  of  the 
engine  and  also  its  weight  perfection  is  the  specific  weight  of  the 
powerplant  and  fuel  system  equal  to 


647 


where 


^c.y  — 

^T(Kp)ff^Kp 


^•S4 


-"'''  — ^T^n3JiY*»(0)» 

°»J* 


(26.11) 

(26.12) 


Here  iw  l*«p  -  the  takeoff  and  cruising  thrust-weight  ratio  of  the 
aircraft  respectively;  /-Kp.  V^p  -  range  and  speed  of  flight,  respectively 
in  the  cruising  regime;  Y*»<0)  -  specific  weight  of  the  engine; 

G,,,  -  takeoff  weight  of  the  aircraft;  -  coefficient  of 

weight  of  the  powerplant,  K  =  1.4-1. 5;  —  -  coefficient  of 

T  Vf  Ot 

weight  of  the  fuel  system,  K  *  1.05-1.10;  a=a—n -  -  ratio  of 

T  ■  c  Vt{«p| 

reserve  of  fuel  expended  during  the  whole  flight  to  the  expended 
fuel  in  the  cruising  section  of  the  flight.  Usually  a  =  1.05-1. 15* 

In  formula  (26.12)  the  fuel  reserve  for  1  hour  of  flight  is 

considered . 


The  less  the  specific  weight  of  the  engine,  the  less  the  takeoff 
and  cruising  thrust-weight  ratio,  and  the  less  the  specific  fuel 
consumption,  the  less  the  relative  weight  of  the  powerplant  and  fuel 
system,  the  greater  the  relative  commerical  load  of  the  aircraft 
and  the  less  operational  expenditures. 

26.5.  Cost  of  Transportation  of  a 
Ton-Kilometer  of  Load 


In  civil  aviation  the  basic  criterion  of  the  estimate*  of  a 
technical-economic  effectiveness  of  operation  of  the  aircraft  is 
*-he  cost  of  transportation  of  a  ton-kilometer  of  load  equal  (see 
work  [5])  to 


a'=(2-H-2,3) 


dP  +pfinvci  +  eQcp  +  YU 
V  pOtm 


kopecks 

t'km 


(26.13) 


Magnitude  a'  is  the  ratio  of  flying  expenditures  A  per  aircraft 
hour  to  the  transport  productivity  of  the  aircraft  MpGK0|V1  (taking 


into  account  airport  expenditures  and  of  underload  of  the  aircraft). 


In  formula  (26.13):  a  -  expenditure  rate  of  the  engine, 

considering  the  expenditures  for  its 
amortization  and  repair  referred 
to  1  t  of  thrust  in  rubles/( t *h) ; 

P  -  takeoff  thrust  of  the  engine  in  t; 

8  -  expenditure  rate  of  the  aircraft, 
considering  the  expenditures  for 
its  amortization  and  repair  referred 
to  1  t  of  weight  of  an  empty 
equipped  aircraft,  in  rubles/(t -h) ; 

G  -  weight  of  an  empty  equipped 
nycT  aircraft  in  t; 

o  -  cost  of  1  t  of  kerosene  in 
rubles/t ; 

$  -  average  hour  fuel  consumption 

cp  in  t/h; 

Y  -  wages  of  flight-lift  personnel 

in  rubles/number  of  passengers *h) ; 

n  -  number  of  passengers; 

V  -  trip  velocity  in  km/h; 

r 

-  commercial  load  in  t. 

Factors  conditioned  by  parameters  of  the  engine  affecting  the 
cost  of  transportation  are:  expenditure  rate  of  the  engine  depending 
on  the  service  life  (or  amortization  period)  and  dimensionality 
(thrust)  of  the  engine;  average  hour  fuel  consumption  dependent  on 
the  specific  fuel  consumption;  empty  weight  of  the  aircraft  dependent 
on  specific  weight  of  the  engine. 


26.5.1.  Effect  of  Service  Life  of  the  Engine 
on  the  Cost  of  Transportation 

With  an  increase  in  the  service  life  of  the  engine  its  expendi 
ture  rate  a  is  lowered,  and,  consequently,  the  flight  expenditures 
and  costs  of  passenger  transportation  a '  are  decreased  also. 
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Figure  26.6a  shows  the  effect  of  the  increase  in  service  life 
on  the  cost  of  transportation  of  the  average  mainline  aircraft  (SMS), 
having  a  takeoff  weight  of  G  -  80  t  and  flight  range  of 

B  3  Jl 

L  -  4000  km. 
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Fig.  26.6.  Effect  of  parameters  of  the 
engine  on  the  cost  of  operation  of  air¬ 
craft  of  civil  aviation:  a),  b)  effect 
of  service  life  of  the  engine;  c)  effect 
of  specific  fuel  consumption  and  specific 
weight  of  the  engine. 


If  in  the  initial  stage  of  operation,  when  the  service  life  of 
the  engine  was  t  =  300  h,  the  cost  of  transportation  was  equal 

p  6  C 

to  a'  ~  1*1.7  kopecks/(t -km) ,  then  with  a  service  life  at  2000  hours 
magnitude  a'  is  lowered  down  to  9.2  kopecks/( t • km) ,  i.e.,  almost 
4055  .  Similarly,  an  increase  in  the  amortization  lifetime  of  the 
engine  on  an  aircraft  of  local  airlines  (SMVL)  from  600  to  3000 
hours  (see  Fig.  26.6b)  lowers  the  operational  expenditures  from  42 
vo  27  kopecks/(t ’km) ,  i.e.,  35$. 

From  the  given  data  it  follows  that  the  introduction  into 
operation  of  engines  with  great  initial  service  life  (about 
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800-1000  hours)  and  the  Increasing  of  it  during  a  short  time  to 
2000-5000  hours  provides  a  high  national  economic  effect. 

26.5.2.  Effect  of  Lowering  of  Specific  Fuel  Consumption 
of  the  Engine  on  the  Cost  of  Transportation 


) 


4 


With  a  decrease  in  the  specific  fuel  consumption  of  the  engine 
the  average  fuel  consumption  per  hour  of  an  aircraft  is  lowered; 
consequently,  at  the  assigned  flight  range  the  fuel  reserve  necessary 
for  flight  is  decreased,  and  moreover  it  is  decreased  the  more  the 
flight  range. 

The  economy  in  fuel  consumption  AGt,  at  a  fixed  takeoff  weight 
of  the  aircraft,  can  be  used  either  for  increasing  the  commercial 
load  or  for  increasing  the  flight  range.  In  both  cases  the  cost 
of  the  transportation  is  lowered. 

Figure  26.6c  shows  the  effect  of  the  increase  in  the  economy 
of  the  engines  on  the  cost  of  transportation  of  the  aircraft  of 
local  airlines  (SMVL).  When  the  economy  in  the  fuel  consumption  is 
used  for  increasing  the  commercial  load,  a  10$  decrease  (for 
example ,  from  0.8  to  0.72  kg/(kgf*h)  when  »  0.8  and  H  •  11  km) 
giv<.:3  approximately  a  10*  lowering  of  operational  expenditures.  In 
the  same  case,  when  the  economy  in  the  fuel  consumption  is  used  for 
increasing  the  flight  range  (when  GB3;1  ■  const),  the  lowering  of 
operating  expenditures  is  only  6$. 

26.5.3.  Effect  of  Lowering  of  Specific  Weight 
of  the  Engine  on  the  Cost 
of  Transportation 


The  lowering  of  the  specific  weight  of  the  engine  and,  conse¬ 
quently,  the  weight  of  the  powerplant  makes  it  possible  at  a  constant 
takeoff  weight  of  the  aircraft  to  increase  the  commercial  load  or 
flight  range. 


Figure  26.6c  shows  the  effect  of  lowering 
of  engines  on  operational  expenditures.  A  10$ 


of  the  specific  weight 
lowering  of  y„_ 
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(for  example,  from  0.22  to  0.20  kg/kgf)  gives  a  4 %  economy  in  the 
cost  of  transportation  due  to  the  increase  in  the  commercial  load 
and  a  2%  economy  as  a  result  of  the  increase  in  the  flight  range. 

26.5.4.  Effect  of  the  Improvement  of  Effectiveness 
of  the  Engine  on  the  Whole  on  the  Cost 
of  Transportation 

The  ducted-fan  engines  of  the  "second  generation"  being  created 
at  present  have  considerably  better  criteria  (with  respect  to  <7  , 

y  )  than  do  the  ducted-fan  engines  of  the  "first  generation." 
Calculations  show  that  the  lowering  of  specific  fuel  consumption  in 
the  cruising  flight  regime  (for  example,  when  Mq  =  0.8  and  H  =  11  km) 
from  O.78-O.8O  to  0.64-0.66  kg/(kgf*h)  and  a  decrease  in  specific 
weight  of  the  engine  from  0.24  to  0.18  kg/kgf  allows  bringing  down 
the  operating  expenditures  of  long-range  and  medium-range  main¬ 
line  aircraft  by  16-23$  (i.e.,  by  1/4  to  1/6). 

Appendices  1,  2  and  3  give  nomograms  for  the  determination  of 
relative  fuel  consumption  of  a  Jet  engine  and  specific  parameters 
of  a  ducted- fan  engine. 


fuel  consumption  of  a  jet  engine 
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APPENDIX  2 


SO  60 


Ry*  ilfs 


Nomogram  for  the  determination  of  specific  param¬ 
eters  of  a  ducted- fan  engine  (M-  =  0.8;  H  =  11  km 
Tf  *  1300°K). 
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